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ratus includes one or more first components configured to
extract heat from at least a first fluid flow at a first temperature
to one or more devices configured to convert thermal energy
to electric energy. The first fluid flow is in a first direction.
Additionally, the apparatus includes one or more second com-
ponents configured to transfer heat from the one or more
devices to at least a second fluid flow ata second temperature.
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and the second fluid flow is in a second direction. Each first
part of the first fluid flow corresponds to a first shortest dis-
tance to the one or more devices, and the first shortest distance
is less than half the square root of the total free flow area for
a corresponding first cross-section of the first fluid flow.

14 Claims, 27 Drawing Sheets

/ 1512

1524

1561

I
T

(T

1

1562
N —
S0 Vs (1B NG =
1352 1320|1526 1516 | - 1355 T aan [l 2528
i~ 13541356 ) 1514 l 1310 e~
[ 13
U\ U U /U 1O

T THTTTTHTHIT

[T




US 9,318,682 B2
Page 2

(51) Int.CL
HOIL 35/34 (2006.01)
HOIL 35/30 (2006.01)
(52) US.CL

CPC ... F28F 2009/029 (2013.01); F28F 2250/06
(2013.01); F28F 2250/106 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

4,959,119 A 9/1990 Lantzer

5,723,799 A 3/1998 Murayama et al.

5,959,341 A 9/1999 Tsuno et al.

6,314,741 B1  11/2001 Hiraishi

6,389,983 Bl1* 5/2002 Coesteretal. ... 104/155

6,397,618 B1* 6/2002 Chu ......ccoovevvrernnnns F25B 25/00
165/104.22

6,410,971 Bl 6/2002 Otey

6,700,052 B2 3/2004 Bell et al.

6,410,971 Cl1 4/2008 Otey

7,531,739 Bl 5/2009 Moczygemba

7,999,172 B2 8/2011 Yu

9,065,017 B2 6/2015 Reifenberg et al.

2001/0002319 Al
2006/0017170 Al
2006/0053969 Al
2006/0179820 Al
2007/0095383 Al
2007/0290322 Al
2008/0023057 Al
2008/0308140 Al
2009/0025771 Al
2009/0205342 Al*

5/2001 Tauchi et al.

1/2006 Chen et al.

3/2006 Harada et al.

8/2006 Sullivan

5/2007 Tajima
12/2007 Zhao et al.

1/2008 Nakajima et al.
12/2008 Nakamura

1/2009 Stark

8/2009 Jang ..o B60H 1/00478

62/3.3

2010/0011781 Al
2010/0167444 Al
2010/0236595 Al*
2011/0016888 Al
2011/0018155 Al
2011/0020969 Al
2011/0114146 Al
2011/0167839 Al*

1/2010 Lents et al.

7/2010 Chen et al.

9/2010 Belletal. .....ccoovvvvenrne 136/205

1/2011 Haass et al.

1/2011 Stefan et al.

1/2011 Haas et al.

5/2011 Scullin

7/2011 Kobayashi .............. HO1L 35/30
62/3.2

2011/0168223 Al

2011/0204500 Al

2011/0252774 Al

7/2011 Dede et al.

8/2011 Lim et al.

10/2011 Spieth et al.

2011/0258995 Al  10/2011 Limbeck et al.

2012/0000500 Al 1/2012 Tida et al.

2012/0017575 Al*  1/2012 SI0SS .cooocvevvvrriieenns FOIN 5/02
60/320

2012/0042661 Al

2012/0057305 Al

2012/0097206 Al

2012/0098162 Al

2012/0118343 Al

2012/0152294 Al

2012/0152295 Al

2012/0207641 Al

2012/0247527 Al

2012/0295074 Al

2012/0319082 Al

2013/0001480 Al

2/2012 Danenberg et al.
3/2012 Morisaku et al.
4/2012 Sadaoka et al.
4/2012 Snyder et al.
5/2012 Tida et al.
6/2012 Kim et al.
6/2012 Matus et al.
8/2012 Rubio et al.
10/2012 Scullin et al.
11/2012 Yi et al.
12/2012 Yi et al.
1/2013 Malik et al.

2013/0146116 Al
2013/0175654 Al
2013/0187130 Al
2013/0199337 Al
2014/0024163 Al
2014/0116491 Al
2014/0182644 Al
2014/0193982 Al
2014/0318588 Al

6/2013 Jovovic et al.
7/2013 Muckenhirn et al.
7/2013 Matus et al.
8/2013 Udono et al.
1/2014 Aguirre et al.
5/2014 Reifenberg et al.
7/2014 Aguirre et al.
7/2014 Yi et al.

10/2014 Kouma et al.

FOREIGN PATENT DOCUMENTS

WO WO 2009/026466 2/2009
WO WO 2011/060149 5/2011
WO WO 2012/068426 5/2012
WO WO 2012/075359 6/2012
WO WO 2012/088085 6/2012
WO WO 2012/161757 11/2012
WO WO 2013/010547 1/2013
WO WO 2013/112710 8/2013
WO WO 2013/119755 8/2013
WO WO 2014/084315 6/2014
OTHER PUBLICATIONS

Patent Cooperation Treaty, Written Opinion, mailed Jan. 27, 2015, in
Application No. PCT/US2014/053102.

Patent Cooperation Treaty, International Search Report, mailed May
28, 2013, in Application No. PCT/US2013/022930.

Patent Cooperation Treaty, Written Opinion,mailed May 28, 2013, in
Application No. PCT/US2013/022930.

Patent Cooperation Treaty, International Search Report, mailed Mar.
10, 2014, in Application No. PCT/US2013/064812.

Patent Cooperation Treaty, Written Opinion, mailed Mar. 10,2014, in
Application No. PCT/US2013/064812.

United States Patent and Trademark Office, Notice of Allowance
issued in U.S. Appl. No. 14/469,404, mailed Feb. 23, 2015.
Sakamoto et al., “The Use of Transition-Metal Silicidesto Reduce the
Contact Resistance Between the Electrode and Sintered n-Type
Mg2Si,” J. Electronic Materials 41(6):1805-1810 (2012).

Sakamoto et al., “Formation of Ni FElectrodes on Sintered N-type
Mg2Si Using Monobloc Sintering and Electroless Plating Methods,”
AIP Conf. Proc., 1449:223-226 (2012).

United States Patent and Trademark Office, Office Action issued in
U.S. Appl. No. 13/947,400, mailed Oct. 3, 2014.

Australian Patent Office, Patent Examination Report, mailed Nov. 11,
2015 in Application No. 2013212087.

Chen et al., “Dispenser-printed thick film thermoelectric materials,”
Proceedings of PowerMEMS Conference, Dec. 2010, pp. 223-226.
Goncalves et al., “Fabrication of flexible thermoelectric microcoolers
using planar thin film technologies,” J. Micromec. Microeng. 17:
S168-S173 (2007).

Patent Cooperation Treaty, International Search Report, mailed Jul.
23, 2015, in Application No. PCT/US2015/024484.

Patent Cooperation Treaty, Written Opinion, mailed Jul. 23,2015, in
Application No. PCT/US2015/024484.

United States Patent and Trademark Office, Notice of Allowance
issued in U.S. Appl. No. 13/947,400, mailed Mar. 24, 2015.

United States Patent and Trademark Office, Notice of Allowance
issued in U.S. Appl. No. 13/947,400, mailed Jul. 6, 2015.

* cited by examiner



U.S. Patent Apr. 19,2016 Sheet 1 of 27 US 9,318,682 B2

4040 4042
4044
4030
4026
4024

I RRERIRAERBARRARE
;H;i;agugg
N a..!n..su..rr
:gM:HMRH
OO HNNNHNNEDONNND

4022

4030
FIG. 1

(Prior Art)



U.S. Patent

Apr. 19,2016 Sheet 2 of 27

110 \

112/ \qg 116
FIG. 2A

(Prior Art)

US 9,318,682 B2



U.S. Patent Apr. 19,2016 Sheet 3 of 27 US 9,318,682 B2

120 \

122 124 126

OONONNNNN




U.S. Patent

Apr. 19,2016 Sheet 4 of 27 US 9,318,682 B2

224
226
hg C [h

210
N W
7
o g
2
gz
77

VA
212/ TE|TE \ 214

216
FIG. 3A
230 \ /—%&/ﬁ—\
77
A
7 g7
g 97 7
% 77 |7
7 LA
i\




U.S. Patent Apr. 19,2016 Sheet 5 of 27 US 9,318,682 B2

310

FIG. 4A

(Prior Art)



U.S. Patent Apr. 19,2016 Sheet 6 of 27 US 9,318,682 B2

330 \




U.S. Patent Apr. 19,2016 Sheet 7 of 27 US 9,318,682 B2

A A

C

hl e h @/ 6422
a0 — | 6420
6412 —
\j
FIG. 5A FIG. 5B
(Prior Art) (Prior Art)



U.S. Patent Apr. 19,2016 Sheet 8 of 27 US 9,318,682 B2

A A
(o]
h C h @/ 422
PP I e 420
412 -
Y

FIG. 5C FIG. 5D



U.S. Patent Apr. 19,2016 Sheet 9 of 27 US 9,318,682 B2




US 9,318,682 B2

Sheet 10 of 27

Apr. 19,2016

U.S. Patent

c0S§

126 ]

08

016 —

95

T
]
1
I
1l
1l
1
I
1
I
1l
1)

." 7
0cs u\ G¢

I
065 k



US 9,318,682 B2

J9 9OId

999
.NNm / 699 vwm \ G ~ 285 /mwm ~ s nhm\. ¥99 \ 269 099 s 08¢ e 199

.umm_wmmmmmmmmmw_mmmwﬁ um.mummmmu uuu.um.ummmmmmmmmww SRR e el S T

Sheet 11 of 27

Apr. 19,2016

U.S. Patent




US 9,318,682 B2

Sheet 12 of 27

Apr. 19,2016

U.S. Patent

ag oid
ces N 969~ 229 ~ 286 ~ 616 b2G
Ay A \ Y \
— u 829 - : ]
\ 229 /
615+ | £29 ~, \
\@ i

899 — | - :
Y ___ H_ - /

026 — |

N Vi / 5
vZ9 \ LEG ~/ / 029 /

295 \@

195
£99

N 0LG

069




US 9,318,682 B2

Sheet 13 of 27

Apr. 19,2016

U.S. Patent

199

€99




US 9,318,682 B2

Sheet 14 of 27

Apr. 19,2016

U.S. Patent

1474

c9/

V8 '9Old
\m%
279 >7¢ 0S.
, B G @m .
1 1 M
iz__n__s__n_wg:__n__z__n nj [P [n]|
9g/ 96/ /mmk < 96/
¥8S 28s 08S 09/
- 9¥/
9%/ QEJD/_ \/ 9%/
RS nninmaoiaioiaiol
Yy ~ - ~ ~ v
rc9 vv/ 026 cr/ 0) 74
mm.mm /o%

19G \@




US 9,318,682 B2

Sheet 15 of 27

Apr. 19,2016

U.S. Patent

g8 "Old o6,
86/ v6/
/ A\ /
Z R 2
Z
. N-98 N N 982 98/
¢es 225 982N N 98 - 982 N
[n] [p] [n] [P] [n][p][n][P] _:___o__s_w 262
N e N
pGL S, 052
¥8S 285 08S
by 2v. 0%/ 062~
AN AN AN
el N
[d] [0 (] [« [d (W] [ [v] [d] (o] [a] [ul7r %

N

N 9%L R 92/ \ N - 92/
o X e \ Raryyire \ W\ Y
\ 9LL 065 N
N
\ 962 26, - \

S




2
US 9,318,682 B

7
Sheet 16 of 2

Apr. 19,2016

U.S. Patent

015

/ _%___________________________________

| £29




U.S. Patent Apr. 19,2016 Sheet 17 of 27 US 9,318,682 B2

563

FIG. 10

\ I'nhmmmmmmmmmmmm

A T I

U - —
LU L LU AL L

|

P

lh

942

940



U.S. Patent Apr. 19,2016 Sheet 18 of 27 US 9,318,682 B2

\
=

1000

FIG. 11A

.....

(D
——
T, '

ST




U.S. Patent Apr. 19,2016 Sheet 19 of 27 US 9,318,682 B2

FIG. 11B




US 9,318,682 B2

Sheet 20 of 27

Apr. 19,2016

U.S. Patent

¢l "Old

196
GGlLL GGlLlL GGl GGlLlL GGlLl
N\ /@\ i

\ \

g / \ / A I £5L4
I~ 1614

S:\ 4 /ﬁﬁm: KB:ZS:

LGLL

\\ 99
00t}



US 9,318,682 B2

Sheet 21 of 27

Apr. 19,2016

U.S. Patent

gel 9ild
042}
~— 121
1821 \ It
e 6Lzl
08z}
= 71z}
004} M = 0414
LGLL /\ﬁ 1921
296

00ZL \\ %/ 196 £96

vEL "Old

ek —
Lict g
Glcl \ \

IR R EEEX X

|4 | L |~ | —

0LLL - - 00t}

L9zZL 1921 41924

oozs " Tﬂﬁ

c9s 196G



U.S. Patent Apr. 19,2016 Sheet 22 of 27 US 9,318,682 B2

1300
562 ,;///

1351
1353
1310.*T7<§>\\ >\\\\\ //<5\\ 1351

1351 —° -

™~

) 563
1355 ///;355-/// C:L\\\_;;;1355 /

1356 ~ 1356 ~

1356 ~[ < - — 1356
[ ' ' N™— 1320
1320 - 1320 J 1320 J N
‘ ‘ ‘ ™~ 1354
I~ 1352

Z \ \
1352-// \*1354\\5‘1354 \‘1354

1352 1352

FIG. 14



US 9,318,682 B2

Sheet 23 of 27

Apr. 19,2016

U.S. Patent

gsl 9ld
)8 4%
Gl f
- ELYL
-

L8vlL ] N L6V
08t L — ocel ! qis
AN mmms.// // ] 06¥1L

=4 § 14 4 — Lyl

1GEl ] _ \ Z6eL
N:vs\ cerl
£eel
0lo) 4%

)4 4" /A 08rL

Lovl
GGl pipy G
\\ L9G 29¢ 00} 4" \\
[0} 42 [
£9¢

Vsl "Old

)34

ELvl —T

1

vl —

Slvi \

ccrl

0c€l —

=~ 0c¢l

08r}

covl

“ €98

99 \@

08y i



US 9,318,682 B2

Sheet 24 of 27

Apr. 19,2016

U.S. Patent

M c9¢g

v .T

1989

I |

LG

PEGL ~

cest

\ 00st

|
[

9¢G X

% 0£5 1L

\ | I /
— 716} M \
= 7 omr M 0Z51 X
— , =)
UD_ \ L\ Na
| l5sar OLEL E— | #i5h - 96eL  peey U
gigk|| || F5E* ceet | o J/ \ﬂ oy ozer Z5E} bes!
£58L £T

=T 0450 ||IB—t A1 085N [T
=il
p— N|\.\
= N 29517
= ,w Ve
= N/ =—CR NI =\
= ) / . 2




US 9,318,682 B2

Sheet 25 of 27

Apr. 19,2016

U.S. Patent

" ﬁ

M c9s

199

g9 "9OI4

S —

rEsl

1

cesqh

\\\\\\\.oom“

rLG)

rigl

——1|- 9¢¢1  poes 1

= 7 0iG)
e ol =
161 Y,
8151 55€L
€681 =1 9484
] 0451 ~ =
"lf / T{\
A\ N 49SE 4

0cel

| 0861 3\ TE

—] |

vesi

2951 7 4

2\

IL “\




U.S. Patent Apr. 19,2016 Sheet 26 of 27 US 9,318,682 B2

©
Q

V—
=M
©
~

FIG. 17B

FIG. 17A

1600 \




U.S. Patent Apr. 19,2016 Sheet 27 of 27 US 9,318,682 B2

////—5000

5042
5080
[ J
5010 /
5082
5082
5010
\ 5082
5044
5080

5040 5090

FIG. 18



US 9,318,682 B2

1
MODULAR THERMOELECTRIC UNITS FOR
HEAT RECOVERY SYSTEMS AND METHODS
THEREOF

1. CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/590,597, filed Jan. 25, 2012, commonly
assigned and incorporated by reference herein for all pur-
poses.

2. BACKGROUND OF THE INVENTION

The present invention is directed to conversion between
heat and electricity. More particularly, the invention provides
systems and methods for recovery of waste heat. Merely by
way of example, the invention has been applied to a modular
thermoelectric unit that can be easily assembled and scaled up
to an optimal sized system for providing solutions for various
heat recovery applications including industrial combustion
processes with enhanced power output, reduced parasitic
power losses, and lowered manufacture cost. However, it
would be recognized that the invention has a much broader
range of applicability.

Any process that consumes energy usually is not 100%
efficient and often generates waste energy, usually in the form
of heat. For example, the industrial combustion process gen-
erates a substantial amount of waste heat via an exhaust gas
flow at high temperature. In order to improve the efficiency of
the combustion process, effectively capturing and converting
some of this waste heat into a useful form without disturbing
the primary operation would be desired. A conventional tech-
nique that has been considered is to place thermoelectric (TE)
devices onto the exhaust system associated with the combus-
tion process.

The thermoelectric devices are made from thermoelectric
materials that can convert an appreciable amount of thermal
energy into electricity in an applied temperature gradient
(e.g., the Seebeck effect) or pump heat in an applied electric
field (e.g., the Peltier effect). Interest in the use of thermo-
electric devices that comprise thermoelectric materials has
grown in recent years partly due to the heightened need for
systems that recover waste heat as electricity to improve
energy efficiency in the industrial combustion process.

To date, thermoelectrics have had limited commercial
applicability often due to poor cost effectiveness and low
conversion performance in comparison with other technolo-
gies that accomplish similar energy generation or refrigera-
tion. Where there are almost no other technologies as suitable
as thermoelectrics for lightweight and low footprint applica-
tions, thermoelectrics have nonetheless been limited by their
high costs in thermoelectric materials and the manufacture of
high-performance thermoelectric devices. The thermoelec-
tric materials in conventional thermoelectric modules are
generally comprised of bismuth telluride or lead telluride,
which are toxic, difficult to manufacture with, and expensive
to procure and process.

More recently, advances in developing and manufacturing
nano-structured materials with enhanced thermoelectric per-
formance have been initiated. In particular, the thermoelectric
performance of the nano-structured material is characterized
by, e.g., high efficiency, high power density, or high “thermo-
electric figure of merit” ZT (where ZT is equal to S*o/k, and
S is the Seebeck coefficient, o is the electrical conductivity,
and k is the thermal conductivity). This technical develop-
ment drives a need for devices and/or systems in both alter-
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native energy production and microelectronics that usually
requires high manufacturability and low cost. This technical
development also drives the need for converting waste heat in
exhaust from many industrial systems, such as industrial
combustion process, into useful electrical power.

FIG. 1 is a simplified diagram showing a conventional heat
recovery system using one or more thermoelectric device
components for generating power from a waste heat source.
As shown, in a conventional heat recovery system 4000 (e.g.,
a conventional thermoelectric generation system), one or
more thermoelectric (TE) device components 4010 are
attached on one side to a hot plate 4020 of a hot-side heat
exchanger 4022 and leave the other side subjecting to one or
more cold fluid flows 4030 (e.g., one or more cold air flows,
one or more cold gas flows). As shown, the one or more
thermoelectric device components 4010 are disposed entirely
outside the main hot flow region 4040. The hot plate 4020 is
thermally connected to an extended conductor 4024 with
multiple fins 4026 sticking into the hot flow region 4040. For
example, one or more hot fluid flows 4042 (e.g., one or more
hot air flows, one or more hot gas flows) move out of an
exhaust pipe or a chimney 4044, and the extended conductor
4024 and the multiple fins 4026 serve as an indirect thermal
energy collector. But such indirect thermal energy collector
often is quite inefficient in utilizing the one or more hot fluid
flows 4042 of the waste heat.

To take advantage of the high-temperature thermoelectric
devices and flexibly apply these devices for various industrial
combustion processes without disturbing the operation of the
primary process, it is highly desirable to make an improved
thermoelectric system for enhanced power output, lowered
parasitic power loss, and reduced cost.

3. BRIEF SUMMARY OF THE INVENTION

The present invention is directed to conversion between
heat and electricity. More particularly, the invention provides
systems and methods for recovery of waste heat. Merely by
way of example, the invention has been applied to a modular
thermoelectric unit that can be easily assembled and scaled up
to an optimal sized system for providing solutions for various
heat recovery applications including industrial combustion
processes with enhanced power output, reduced parasitic
power losses, and lowered manufacture cost. However, it
would be recognized that the invention has a much broader
range of applicability.

According to one embodiment, an apparatus for generating
electricity includes one or more first components configured
to extract heat from at least a first fluid flow at a first tempera-
ture to one or more devices configured to convert thermal
energy to electric energy. The first fluid flow is in a first
direction. Additionally, the apparatus includes one or more
second components configured to transfer heat from the one
or more devices to at least a second fluid flow at a second
temperature. The second temperature is lower than the first
temperature, and the second fluid flow is in a second direc-
tion. Each first part of the first fluid flow corresponds to a first
shortest distance to the one or more devices, and the first
shortest distance is less than half the square root of the total
free flow area for a corresponding first cross-section of the
first fluid flow. The first cross-section is perpendicular to the
first direction. Each second part of the second fluid flow
corresponds to a second shortest distance to the one or more
devices, and the second shortest distance is less than half the
square root of the total free flow area for a corresponding
second cross-section of the second fluid flow. The second
cross-section is perpendicular to the second direction.
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According to another embodiment, a thermoelectric appa-
ratus includes one or more first channels configured to receive
one or more first parts of a first fluid flow at a first temperature,
and one or more second channels configured to receive one or
more parts of a second fluid flow at a second temperature. The
second temperature is lower than the first temperature. Addi-
tionally, the apparatus includes one or more third channels
configured to receive one or more second parts of the first
fluid flow, and the one or more third channels are separated
from the one or more first channels by at least the one or more
second channels. Moreover, the apparatus includes one or
more first thermoelectric materials located between the one or
more first channels and the one or more second channels, and
one or more second thermoelectric materials located between
the one or more second channels and the one or more third
channels.

According to yet another embodiment, a heat recovery
system includes a thermoelectric apparatus, a first duct
coupled to the thermoelectric apparatus, and a second duct
not coupled to the thermoelectric apparatus. The first duct and
the second duct both are connected to a third duct and con-
figured to receive by the first duct a first fluid flow at a first
temperature from the third duct if the second duct does not
receive the first fluid flow and to receive by the second duct
the first fluid flow from the third duct if the first duct does not
receive the first fluid flow. The thermoelectric apparatus is
configured to receive at least a second fluid flow at a second
temperature. The second fluid flow moves into the thermo-
electric apparatus from one or more first perimeter parts of the
thermoelectric apparatus in a first direction. The first direc-
tion is towards the second duct, and the second temperature is
lower than the first temperature. Also, the thermoelectric
apparatus is configured to discharge the second fluid flow into
a fourth duct, and the fourth duct is the second duct or is
substantially parallel with the second duct.

According to yet another embodiment, a thermoelectric
apparatus includes a first heat exchanger configured to trans-
fer heat to or extract heat from a first fluid flow at a first
temperature, and a second heat exchanger configured to
extract heat from or transfer heat to a second fluid flow at a
second temperature. The second temperature is different from
the first temperature. Additionally, the apparatus includes a
third heat exchanger configured to transfer heat to or extract
heat from a third fluid flow at the first temperature, and the
third heat exchanger is separated from the first heat exchanger
by at least the second heat exchanger. Moreover, the appara-
tus includes one or more first thermoelectric materials sand-
wiched between the first heat exchanger and the second heat
exchanger, one or more second thermoelectric materials
sandwiched between the second heat exchanger and the third
heat exchanger, and one or more components extending from
the first heat exchanger to the third heat exchanger without
making any thermal contact with the second heat exchanger.
The one or more first thermoelectric materials, the second
heat exchanger, and the one or more second thermoelectric
materials are located between the first heat exchanger and the
third heat exchanger, and the one or more components are
configured to apply one or more compressive forces to at least
the one or more first thermoelectric materials, the second heat
exchanger, and the one or more second thermoelectric mate-
rials.

According to yet another embodiment, a method for gen-
erating electricity includes extracting heat from at least a first
fluid flow at a first temperature to one or more devices con-
figured to convert thermal energy to electric energy. The first
fluid flow is in a first direction. Additionally, the method
includes transferring heat to at least a second fluid flow at a
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second temperature. The second temperature is lower than the
first temperature, and the second fluid flow is in a second
direction. Each first part of the first fluid flow corresponds to
afirst shortest distance to the one or more devices, and the first
shortest distance is less than half the square root of the total
free flow area for a corresponding first cross-section of the
first fluid flow. The first cross-section is perpendicular to the
first direction. Each second part of the second fluid flow
corresponds to a second shortest distance to the one or more
devices, and the second shortest distance is less than half the
square root of the total free flow area for a corresponding
second cross-section of the second fluid flow. The second
cross-section is perpendicular to the second direction.

According to yet another embodiment, a thermoelectric
method for generating electricity includes receiving, by one
or more first channels, one or more first parts of a first fluid
flow at a first temperature, and receiving, by one or more
second channels, one or more parts of a second fluid flow ata
second temperature. The second temperature is lower than the
first temperature. Additionally, the method includes receiv-
ing, by one or more third channels, one or more second parts
of the first fluid flow. The one or more third channels are
separated from the one or more first channels by at least the
one or more second channels. Moreover, the method includes
generating electricity by at least one or more first thermoelec-
tric materials and one or more second thermoelectric materi-
als. The one or more first thermoelectric materials are located
between the one or more first channels and the one or more
second channels, and the one or more second thermoelectric
materials are located between the one or more second chan-
nels and the one or more third channels.

According to yet another embodiment, a method for heat
recovery includes receiving, by a first duct, a first fluid flow at
afirst temperature from a third duct connected to both the first
duct and a second duct if the second duct does not receive the
first fluid flow. The first duct is coupled to a thermoelectric
apparatus, and the second duct is not coupled to the thermo-
electric apparatus. Additionally, the method includes receiv-
ing, by the second duct, the first fluid flow from the third duct
if the first duct does not receive the first fluid flow. Moreover,
the method includes receiving, by the thermoelectric appara-
tus, at least a second fluid flow at a second temperature, and
the second fluid flow moves into the thermoelectric apparatus
from one or more first perimeter parts of the thermoelectric
apparatus in a first direction. The first direction is towards the
second duct, and the second temperature is lower than the first
temperature. Also, the method includes discharging, by the
thermoelectric apparatus, the second fluid flow into a fourth
duct. The fourth duct is the second duct or is substantially
parallel with the second duct.

According to yet another embodiment, a method for ther-
moelectric conversion includes transferring heat to or extract-
ing heat from a first fluid flow at a first temperature by a first
heat exchanger, and extracting heat from or transferring heat
to a second fluid flow at a second temperature by a second heat
exchanger. The second temperature is different from the first
temperature. Additionally, the method includes transferring
heat to or extracting heat from a third fluid flow at the first
temperature by a third heat exchanger, and the third heat
exchanger is separated from the first heat exchanger by at
least the second heat exchanger. Moreover, the method
includes applying, by one or more components, one or more
compressive forces to at least one or more first thermoelectric
materials, the second heat exchanger, and one or more second
thermoelectric materials. The one or more first thermoelectric
materials are sandwiched between the first heat exchanger
and the second heat exchanger, and the one or more second
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thermoelectric materials are sandwiched between the second
heat exchanger and the third heat exchanger. The one or more
first thermoelectric materials, the second heat exchanger, and
the one or more second thermoelectric materials are located
between the first heat exchanger and the third heat exchanger.
The process for applying, by one or more components, one or
more compressive forces includes extending the one or more
components from the first heat exchanger to the third heat
exchanger without making any thermal contact with the sec-
ond heat exchanger.

Depending upon the embodiment, one or more benefits
may be achieved. These benefits and various additional
objects, features, and advantages of the present invention can
be fully appreciated with reference to the detailed description
and accompanying drawings that follow.

4. BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified diagram showing a conventional heat
recovery system using one or more thermoelectric device
components for generating power from a waste heat source.

FIG. 2A is a simplified diagram showing a conventional
modular thermoelectric unit.

FIGS. 2B-2C are simplified diagrams showing a modular
thermoelectric unit according to certain embodiments of the
present invention.

FIGS. 3A-3B are simplified diagrams showing a modular
thermoelectric unit according to some embodiments of the
present invention.

FIG. 4A is a simplified diagram showing a conventional
modular thermoelectric unit.

FIG. 4B is a simplified diagram showing a modular ther-
moelectric unit according to certain embodiments of the
present invention.

FIGS. 5A-5B are simplified diagrams showing fluid flows
in a cold sink component and a heat source component as
parts of a conventional modular thermoelectric unit as shown
in FIG. 2A and/or FIG. 4A.

FIGS. 5C-5D are simplified diagrams showing fluid flows
in a cold sink component and a heat source component as
parts of a modular thermoelectric unit as shown in FIGS.
2B-2C, FIGS. 3A-3B, and/or FIG. 4B according to some
embodiments of the present invention.

FIGS. 6A-6D are simplified diagrams showing various
views of a modular thermoelectric unit according to one
embodiment of the present invention.

FIG. 7 is asimplified diagram showing certain components
of the modular thermoelectric unit as shown in FIGS. 6 A-6D
according to one embodiment of the present invention.

FIG. 8 A is a simplified diagram showing some components
of the modular thermoelectric unit as shown in FIGS. 6 A-6D
according to another embodiment of the present invention.

FIG. 8B is a simplified diagram showing some components
of the modular thermoelectric unit as shown in FIGS. 6 A-6D
according to yet another embodiment of the present inven-
tion.

FIG.9is asimplified diagram showing certain components
of the modular thermoelectric unit as shown in FIGS. 6 A-6D
according to yet another embodiment of the present inven-
tion.

FIG. 10 is a simplified diagram showing a modular ther-
moelectric subsystem according to one embodiment of the
present invention.

FIGS. 11A-11B are simplified diagrams showing a modu-
lar thermoelectric subsystem according to another embodi-
ment of the present invention.
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FIG. 12 is a simplified diagram showing a thermoelectric
system according to one embodiment of the present inven-
tion.

FIGS. 13A-13B are simplified diagrams showing a heat
recovery system including the thermoelectric system accord-
ing to one embodiment of the present invention.

FIG. 14 is a simplified diagram showing a thermoelectric
system according to another embodiment of the present
invention.

FIGS. 15A-15B are simplified diagrams showing a heat
recovery system including the thermoelectric system 1300
according to another embodiment of the present invention.

FIGS. 16A-16B are simplified diagrams showing a heat
recovery system including the thermoelectric system 1300
according to yet another embodiment of the present inven-
tion.

FIGS. 17A-17B are simplified diagrams showing the
bypass duct and the supply ducts as parts of a heat recovery
system including thermoelectric system according to yet
another embodiment of the present invention.

FIG. 18 is a simplified diagram showing a heat recovery
system as shown in FIGS. 13A-13B, FIGS. 15A-15B, FIGS.
16A-16B, and/or FIGS. 17A-17B according to some embodi-
ments of the present invention.

5. DETAILED DESCRIPTION OF THE
INVENTION

The present invention is directed to conversion between
heat and electricity. More particularly, the invention provides
systems and methods for recovery of waste heat. Merely by
way of example, the invention has been applied to a modular
thermoelectric unit that can be easily assembled and scaled up
to an optimal sized system for providing solutions for various
heat recovery applications including industrial combustion
processes with enhanced power output, reduced parasitic
power losses, and lowered manufacture cost. However, it
would be recognized that the invention has a much broader
range of applicability.

FIG. 2A is a simplified diagram showing a conventional
modular thermoelectric unit. As shown in FIG. 2A, a modular
thermoelectric unit 110 includes a cold sink component 112
(e.g., a cold-side heat exchanger), a heat source component
116 (e.g., a hot-side heat exchanger), and a thermoelectric
device component 114. For example, the thermoelectric
device component 114 is sandwiched between the cold sink
component 112 and the heat source component 116. In
another example, the thermoelectric device component 114
forms a cold junction with the cold sink component 112, and
forms a hot junction with the heat source component 116.

In one embodiment, the cold sink component 112 serves as
a low temperature source for the thermoelectric device com-
ponent 114, and the heat source component 116 serves as a
high temperature source for the thermoelectric device com-
ponent 114. In another embodiment, the thermoelectric
device component 114 can convert thermal energy into elec-
tricity in response to the temperature gradient between the
cold junction and the hot junction.

FIGS. 2B-2C are simplified diagrams showing a modular
thermoelectric unit according to certain embodiments of the
present invention. These diagrams are merely examples,
which should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications.

As shown in FIG. 2B, a modular thermoelectric unit 120
includes thermoelectric unit components 122, 124, and 126.
For example, each ofthe thermoelectric unit components 122,
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124, and 126 includes a cold sink component (e.g., a cold-side
heat exchanger), a heat source component (e.g., a hot-side
heat exchanger), and a thermoelectric device component
sandwiched between the cold sink component and the heat
source component. In another example, the modular thermo-
electric unit 120 is formed by stacking the thermoelectric unit
components 122, 124, and 126 together.

According to one embodiment, the heat source component
of the thermoelectric unit component 122 is in contact with
the heat source component of the thermoelectric unit compo-
nent 124, and the cold sink component of the thermoelectric
unit component 124 is in contact with the cold sink compo-
nent of the thermoelectric unit component 126. According to
another embodiment, a plurality of modular thermoelectric
units 120 are assembled together by attaching a cold sink
component of a modular thermoelectric unit 120 to a cold sink
component of another modular thermoelectric unit 120, and/
or by attaching a heat source component of a modular ther-
moelectric unit 120 to a heat source component of another
modular thermoelectric unit 120.

As shown in FIG. 2C, a modular thermoelectric unit 130
includes cold sink components 132, 134 and 136 (e.g., three
cold-side heat exchangers), thermoelectric device compo-
nents 142, 144, 146, 148 and 150, and heat source compo-
nents 152, 154 and 156 (e.g., three hot-side heat exchangers).
For example, thermoelectric device component 142 is sand-
wiched between the cold sink component 132 and the heat
source component 152, the thermoelectric device component
144 is sandwiched between the heat source component 152
and the cold sink component 134, the thermoelectric device
component 146 is sandwiched between the cold sink compo-
nent 134 and the heat source component 154, the thermoelec-
tric device component 148 is sandwiched between the heat
source component 154 and the cold sink component 136, and
the thermoelectric device component 150 is sandwiched
between the cold sink component 136 and the heat source
component 156. In another example, each of the heat source
components 152 and 154 form two hot junctions with its two
neighboring thermoelectric device components, and each of
the cold sink components 134 and 136 form two cold junc-
tions with its two neighboring thermoelectric device compo-
nents. According to one embodiment, a plurality of modular
thermoelectric units 130 are assembled together by attaching
acold sink component of a modular thermoelectric unit 130 to
acold sink component of another modular thermoelectric unit
130, and/or by attaching a heat source component of a modu-
lar thermoelectric unit 130 to a heat source component of
another modular thermoelectric unit 130.

FIGS. 3A-3B are simplified diagrams showing a modular
thermoelectric unit according to some embodiments of the
present invention. These diagrams are merely examples,
which should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications.

As shown in FIG. 3A, a modular thermoelectric unit 210
includes heat source components 212 and 214 (e.g., two hot-
side heat exchangers), a cold sink component 216 (e.g., a
cold-side heat exchanger), and thermoelectric device compo-
nents 224 and 226. For example, the thermoelectric device
component 224 is sandwiched between the heat source com-
ponent 212 and the cold sink component 216, and the ther-
moelectric device component 226 is sandwiched between the
cold sink component 216 and the heat source component 214.
In another example, the cold sink component 216 is sand-
wiched between the thermoelectric device components 224
and 226.
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According to one embodiment, the modular thermoelectric
unit 210 includes two hot junctions formed between the heat
source component 212 and the thermoelectric device compo-
nent 224 and formed between the heat source component 214
and the thermoelectric device component 226. According to
another embodiment, the modular thermoelectric unit 210
includes two cold junctions formed between the heat source
component 216 and the thermoelectric device component 224
and formed between the heat source component 216 and the
thermoelectric device component 226.

As shown in FIG. 3B, a modular thermoelectric unit 230
includes thermoelectric unit components 232 and 234. For
example, each of the thermoelectric unit components 232 and
234 includes two heat source components (e.g., two hot-side
heat exchangers), one cold sink component (e.g., one cold-
side heat exchanger), and two thermoelectric device compo-
nents, wherein one of the two thermoelectric device compo-
nent is sandwiched between one of the two heat source
components and the cold sink component, the other one ofthe
two thermoelectric device components is sandwiched
between the cold sink component and the other one of the two
heat source components, and the cold sink component is
sandwiched between the two thermoelectric device compo-
nents. In another example, the modular thermoelectric unit
230 is formed by stacking the thermoelectric unit components
232 and 234 together.

According to one embodiment, the heat source component
of the thermoelectric unit component 232 is in contact with
the heat source component of the thermoelectric unit compo-
nent 234. According to one embodiment, a plurality of modu-
lar thermoelectric units 230 are assembled together by attach-
ing a heat source of a modular thermoelectric unit 230 to a
heat source of another modular thermoelectric unit 230.

FIG. 4A is a simplified diagram showing a conventional
modular thermoelectric unit. As shown in FIG. 4A, a modular
thermoelectric unit 310 includes cold sink components 312
and 314 (e.g., two cold-side heat exchangers), a heat source
component 316 (e.g., a hot-side heat exchanger), and thermo-
electric device components 324 and 326. For example, the
thermoelectric device component 324 is sandwiched between
the cold sink component 312 and the heat source component
316, and the thermoelectric device component 326 is sand-
wiched between the heat source component 316 and the cold
sink component 314. In another example, the heat source
component 316 is sandwiched between the thermoelectric
device components 324 and 326.

According to one embodiment, the modular thermoelectric
unit 310 includes two cold junctions formed between the cold
sink component 312 and the thermoelectric device compo-
nent 324 and formed between the cold sink component 314
and the thermoelectric device component 326. According to
another embodiment, the modular thermoelectric unit 310
includes two hot junctions formed between the heat source
component 316 and the thermoelectric device component 324
and formed between the heat source component 316 and the
thermoelectric device component 326.

FIG. 4B is a simplified diagram showing a modular ther-
moelectric unit according to certain embodiments of the
present invention. This diagram is merely an example, which
should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications.

As shown in FIG. 4B, a modular thermoelectric unit 330
includes thermoelectric unit components 332 and 334. For
example, each of the thermoelectric unit components 332 and
334 includes two cold sink components (e.g., two cold-side
heat exchangers), one heat source component (e.g., a hot-side
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heat exchanger), and two thermoelectric device components,
wherein one of the two thermoelectric device components is
sandwiched between one of the two cold sink components
and the heat source component, the other one of the two
thermoelectric device components is sandwiched between
the heat source component and the other one of the two cold
sink components, and the heat source component is sand-
wiched between the two thermoelectric device components.
In another example, the modular thermoelectric unit 330 is
formed by stacking the thermoelectric unit components 332
and 334 together.

According to one embodiment, the cold sink component of
the thermoelectric unit component 332 is in contact with the
cold sink component of the thermoelectric unit component
334. According to another embodiment, a plurality of modu-
lar thermoelectric units 330 are assembled together by attach-
ing a cold sink of a modular thermoelectric unit 330 to a cold
sink of another modular thermoelectric unit 330.

FIGS. 5A-5B are simplified diagrams showing fluid flows
in a cold sink component and a heat source component as
parts of a conventional modular thermoelectric unit as shown
in FIG. 2A and/or FIG. 4A.

As shown in FIG. 5A, the arrow 6410 represents the fluid
flow in a heat source component of the modular thermoelec-
tric unit 110 as shown in FIG. 2A and/or the modular ther-
moelectric unit 310 as shown in FIG. 4A. Also as shown in
FIG. 5A, the arrow 6420 represents the fluid flow in a cold
sink component of the modular thermoelectric unit 110 as
shown in FIG. 2A and/or the modular thermoelectric unit 310
as shown in FIG. 4A. For example, the fluid flow in the heat
source component and the fluid flow in the cold sink compo-
nent are in opposite directions. In another example, the fluid
flow in the heat source component and the fluid flow in the
cold sink component provide a temperature gradient between
the hot junction and the cold junction that varies in one
dimension.

As shown in FIG. 5B, the arrow 6412 represents the fluid
flow in a heat source component of the modular thermoelec-
tric unit 110 as shown in FIG. 2A and/or the modular ther-
moelectric unit 310 as shown in FIG. 4A. Also as shown in
FIG. 5B, the dot 6422 represents the fluid flow in a cold sink
component of the modular thermoelectric unit 110 as shown
in FIG. 2A and/or the modular thermoelectric unit 310 as
shown in FIG. 4A. For example, the fluid flow in the heat
source component and the fluid flow in the cold sink compo-
nent are in directions perpendicular to each other. In another
example, the fluid flow in the heat source component and the
fluid flow in the cold sink component provide a temperature
gradient between the hot junction and the cold junction that
varies in two dimensions, and a convenient spatial configu-
ration for disposing one or more cooling fans and/or pumps,
and/or one or more exhaust fans and/or pumps in order to
control and drive the fluid flows.

FIGS. 5C-5D are simplified diagrams showing fluid flows
in a cold sink component and a heat source component as
parts of a modular thermoelectric unit as shown in FIGS.
2B-2C, FIGS. 3A-3B, and/or FIG. 4B according to some
embodiments of the present invention. These diagrams are
merely examples, which should not unduly limit the scope of
the claims. One of ordinary skill in the art would recognize
many variations, alternatives, and modifications.

As shown in FIG. 5C, the arrow 410 represents the fluid
flow in a heat source component of the modular thermoelec-
tric unit 120 as shown in FIG. 2B, the modular thermoelectric
unit 130 as shown in F1G. 2C, the modular thermoelectric unit
210 as shown in FIG. 3A, the modular thermoelectric unit 230
as shown in FIG. 3B, and/or the modular thermoelectric unit
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330 as shown in FIG. 4B. Also as shown in FIG. 5C, the arrow
420 represents the fluid flow in a cold sink component of the
modular thermoelectric unit 120 as shown in FIG. 2B, the
modular thermoelectric unit 130 as shown in FIG. 2C, the
modular thermoelectric unit 210 as shown in FIG. 3A, the
modular thermoelectric unit 230 as shown in FIG. 3B, and/or
the modular thermoelectric unit 330 as shown in FIG. 4B. For
example, the fluid flow in the heat source component and the
fluid flow in the cold sink component are in opposite direc-
tions. In another example, the fluid flow in the heat source
component and the fluid flow in the cold sink component
provide a temperature gradient between the hot junction and
the cold junction that varies in one dimension.

As shown in FIG. 5D, the arrow 412 represents the fluid
flow in a heat source component of the modular thermoelec-
tric unit 120 as shown in FIG. 2B, the modular thermoelectric
unit 130 as shown in FI1G. 2C, the modular thermoelectric unit
210 as shown in FIG. 3 A, the modular thermoelectric unit 230
as shown in FIG. 3B, and/or the modular thermoelectric unit
330 as shown in FIG. 4B. Also as shown in FIG. 5D, the dot
422 represents the fluid flow in a cold sink component of the
modular thermoelectric unit 120 as shown in FIG. 2B, the
modular thermoelectric unit 130 as shown in FIG. 2C, the
modular thermoelectric unit 210 as shown in FIG. 3A, the
modular thermoelectric unit 230 as shown in FIG. 3B, and/or
the modular thermoelectric unit 330 as shown in FIG. 4B. For
example, the fluid flow in the heat source component and the
fluid flow in the cold sink component are in directions per-
pendicular to each other. In another example, the fluid flow in
the heat source component and the fluid flow in the cold sink
component provide a temperature gradient between the hot
junction and the cold junction that varies in two dimensions,
and a convenient spatial configuration for disposing one or
more cooling fans and/or pumps, and/or one or more exhaust
fans and/or pumps in order to control and drive the fluid flows.

As discussed above and further emphasized here, FIGS.
2B-2C, FIGS. 3A-3B, and FIG. 4B are merely examples,
which should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications. For example, the modular
thermoelectric unit (e.g., the modular thermoelectric unit
120,130,210, 230, or 330) has a cuboid outline shape includ-
ing at least one cold sink component, one heat source com-
ponent, and a thermoelectric (TE) device component sand-
wiched between the heat source component and the cold sink
component. In another example, although the cuboid outline
shape is chosen for easy manufacture and assembly, other
geometrical shapes can also be used depending on embodi-
ments and system requirements for customized applications.

According to one embodiment, the heat source component
includes a heat exchanger that utilizes thermal energy from a
hot fluid flow of an existing industrial exhaust to form a hot
side contacted with a hot terminal of the thermoelectric
device component. According to another embodiment, the
cold sink includes another heat exchanger that utilizes a natu-
ral and/or forced, ambient and/or supplied cold fluid flow to
form a cold side contacted with a cold terminal of the ther-
moelectric device component. The hot junction and/or the
cold junction is configured to maintain a temperature gradient
for producing electrical power by thermoelectric device com-
ponent, thereby achieving the goal for recovering heat which
is otherwise wasted.

FIGS. 6A-6D are simplified diagrams showing various
views of a modular thermoelectric unit according to one
embodiment of the present invention. These diagrams are
merely examples, which should not unduly limit the scope of
the claims. One of ordinary skill in the art would recognize
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many variations, alternatives, and modifications. For
example, FIG. 6A is a simplified perspective view of the
modular thermoelectric unit 500, FIG. 6B is a simplified top
view of the modular thermoelectric unit 500, FIG. 6C is a
simplified side view of the modular thermoelectric unit 500,
and FIG. 6D is another simplified side view of the modular
thermoelectric unit 500.

The modular thermoelectric unit 500 includes a hot-side
heat exchanger 510, two cold-side heat exchangers 520 and
522, and two thermoelectric device components 531 and 532.
For example, the thermoelectric device component 531
includes one or more thermoelectric materials. In another
example, the thermoelectric device component 532 includes
one or more thermoelectric materials. In yet another example,
each of the thermoelectric device components 531 and 532 is
a thermoelectric device.

According to some embodiments, the thermoelectric
device component 531 is sandwiched between the cold-side
heat exchanger 520 and the hot-side heat exchanger 510, and
forms a cold junction with the cold-side heat exchanger 520
and a hot junction with the hot-side heat exchanger 510.
According to certain embodiments, the thermoelectric device
component 532 is sandwiched between the cold-side heat
exchanger 522 and the hot-side heat exchanger 510, and
forms a cold junction with the cold-side heat exchanger 522
and a hot junction with the hot-side heat exchanger 510.
According to some embodiments, the hot-side heat exchanger
510 forms two hot junctions including one hot junction with
the thermoelectric device component 531 and the other hot
junction with the thermoelectric device component 532.

In one embodiment, the hot-side heat exchange 510 serves
as a heat source component, and the two cold-side heat
exchangers 520 and 522 each serve as a cold sink component.
In another embodiment, the thermoelectric device compo-
nent 531 includes one or more thermoelectric device units,
and the thermoelectric device component 532 includes one or
more thermoelectric device units. For example, the thermo-
electric device component 531 is configured to convert ther-
mal energy into electricity in response to the temperature
gradient between the corresponding cold junction and the
corresponding hot junction. In another example, the thermo-
electric device component 532 is configured to convert ther-
mal energy into electricity in response to the temperature
gradient between the corresponding cold junction and the
corresponding hot junction.

According to one embodiment, the hot-side heat exchanger
510 includes one or more channels for conveying one or more
hot fluid flows in a first direction 561, and each of the two
cold-side heat exchangers 520 and 522 includes one or more
channels for conveying one or more cold fluid flows in a
second direction 562 according to one embodiment. For
example, the first direction 561 and the second direction 562
are perpendicular to each other.

According to another embodiment, the thermoelectric
device component 531 includes a cold-side terminal and a
hot-side terminal. For example, the cold-side terminal is in
thermal contact with the cold-side heat exchanger 520 to form
the cold junction, and the hot-side terminal is in thermal
contact with the hot-side heat exchanger 510 to form the hot
junction. According to yet another embodiment, the thermo-
electric device component 532 includes a cold-side terminal
and a hot-side terminal. For example, the cold-side terminal is
in thermal contact with the cold-side heat exchanger 522 to
form the cold junction, and the hot-side terminal is in thermal
contact with the hot-side heat exchanger 510 to form the hot
junction. For example, each of the thermoelectric device
components 531 and 532 is configured to convert heat (e.g.,
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waste heat in the form of one or more hot fluid flows) into
electricity (e.g., useful electric energy).

In one embodiment, the hot-side heat exchanger 510
includes a middle component 515, an inlet component 511, an
outlet component 519, and transition components 513 and
517 according to one embodiment. For example, the hot-side
heat exchanger 510 has a cuboid shape at least within a
middle region 115. In another example, the inlet component
511 and the outlet component 519 each has a rectangular
shape in side view.

In yet another example, the middle component 515 is con-
nected with the inlet component 511 through the transition
component 513, and is connected with the outlet component
519 through the transition component 517. In another
example, each of these two transition components 513 and
517 has a rectangular cross-section, and the length and width
ofthe cross-section increases as the cross-section moves from
the end of the middle component 515 to the inlet component
511 or from the end of the middle component 515 to the outlet
component 519. In yet another example, the two flat outer
faces at the opposite sides of the middle region 515 are used
as two hot-side contact faces respectively for the two thermo-
electric device components 531 and 532. In yet another
example, one or more hot flows are received by the inlet
component 511, flows through the transition component 513,
the middle component 515, and the transition component 517
along the first direction 561, and are released by the outlet
component 519.

In another embodiment, the larger cross-sectional area
towards the inlet component 511 and the outlet component
519 can facilitate the one or more fluid flows with a reduced
hydraulic resistance through the one or more channels. For
example, the entire channel of the hot-side heat exchanger
510 is made of one or more materials (e.g., stainless steel,
ceramic material) that are rigid mechanically and tolerable
for high temperature (e.g., for high temperature up to 800° C.,
for high temperature up to 650° C.). In another example, the
one or more channels are used to convey one or more hot fluid
flows, such as wasted hot gases generated by industrial com-
bustion processes.

As shownin FIGS. 6 A-6D, the hot-side heat exchanger 510
includes three channels 580, 582 and 584, and each of the
three channels 580, 582 and 584 is used to convey a hot fluid
flow in the first direction 561 according to one embodiment.
For example, the three channels 580, 582 and 584 are dis-
posed one by one with a small gap between each other
although they can be consolidated into one channel. In
another example, dividing one channel into three channels
with a small gap between each other can improve mechanical
tolerance of the structure with respect to thermal expansion
variation under high temperature operation. Also as shown in
FIGS. 6 A-6D, each of the cold-side heat exchanger 520 and
522 includes only one channel, which is used to convey a cold
fluid flow in the second direction 562 according to another
embodiment. For example, not dividing one channel into a
plurality of channels with a small gap between each other
makes the cold side more stable, leading to a reduced loss of
cold fluid flow and an improved efficiency for the energy
conversion by the thermoelectric device components 531 and
532.

In one embodiment, each of the three channels 580, 582
and 584 extends along the first direction 561, and these three
channels 580, 582 and 584 are disposed next to each other
along the second direction 562. For example, corresponding
to the three channels 580, 582 and 584, each of the middle
component 515, the inlet component 511, the outlet compo-
nent 519, and the transition components 513 and 517 are also
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divided into three parts. In another example, the three parts of
the middle component 515 has three outer faces on each side,
and these three outer faces are leveled with each other. In yet
another example, the three leveled outer faces are configured
to form thermal contacts with a continuous contact plate as
part of the thermoelectric device component 531 or 532. In
yet another example, each of the two cold-side heat exchang-
ers 520 and 522 includes a contact plate overlying the three
outer faces of the middle component 515 on one side of the
middle component 515.

In one embodiment, the cold-side heat exchanger 520
includes a middle component 525, an inlet component 521,
and an outlet component 529, and the cold-side heat
exchanger 522 includes a middle component 526, an inlet
component 524, and an outlet component 528. For example,
each of the cold-side heat exchangers 520 and 522 has a
cuboid shape. In another example, the cold flow is received by
the inlet component 521, flows through the middle compo-
nent 525 along the second direction 562, and is released by
the outlet component 529. In yet another example, the cold
flow is received by the inlet component 524, flows through the
middle component 526 along the second direction 562, and is
released by the outlet component 528. In yet another example,
for the cold-side heat exchanger 520, a flow length 594 in the
second direction 562 is kept short to reduce pumping parasitic
power loss and to keep the temperature at the outlet compo-
nent 529 low. In yet another example, for the cold-side heat
exchanger 522, a flow length in the second direction 562 is
kept short to reduce pumping parasitic power loss and to keep
the temperature at the outlet component 528 low.

In another embodiment, each of the cold-side heat
exchangers 520 and 522 is subjected to a relative low tem-
perature (e.g., about 10° C. or lower, about 80° C. or lower),
and is made of one or more materials with high thermal
conductivity material and low manufacturing cost. In yet
another embodiment, the cold-side heat exchanger 520
includes a contact plate 590, and the cold-side heat exchanger
522 includes a contact plate 592. For example, both the con-
tact plates 590 and 592 are positioned to face outside, thus
reducing heat loss to the atmosphere from the hot-side heat
exchanger 510 not directed through the thermoelectric device
components 531 and 532 and also protecting other system
components from high temperatures.

According to one embodiment, the hot-side heat exchanger
510 includes at least the middle component 515, the inlet
component 511, the transition components 513 and 517, and
the outlet component 519 according to one embodiment. For
example, the middle component 515 has a top-side plate 614
and a bottom-side plate 616, and is connected with the inlet
component 511 through the transition component 513. In
another example, the transition component 513 uses a sloped
edge at both the top side and the bottom side and connects the
inlet component 511 to one end of the top-side plate 614 and
the bottom-side plate 616 of the middle component 515
respectively. In yet another example, the inlet component 511
has a cross-sectional dimension 680 that is larger than the
distance along a third direction 563 between the top-side plate
614 and the bottom-side plate 616 of the middle component
511, in order to provide space for disposing the cold-side heat
exchangers 520 and 522 on the top side and the bottom side
respectively.

According to another embodiment, the transition compo-
nent 517 is substantially similar to the transition component
513 and is used to connect the middle component 515 to the
outlet component 519 through the transition component 517.
For example, the transition component 513 uses a sloped edge
atboth the top side and the bottom side and connects the outlet
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component 519 to another end of the top-side plate 614 and
the bottom-side plate 616 of the middle component 515
respectively. In another example, the outlet component 519
has a cross-sectional dimension 688 that is larger than the
distance along the third direction 563 between the top-side
plate 614 and the bottom-side plate 616 of the middle com-
ponent 511, in order to provide space for disposing the cold-
side heat exchangers 520 and 522 on the top side and the
bottom side respectively.

As shown in FIG. 6D, the cold-side heat exchanger 520
includes a channel 624 between contact plates 623 and 590,
and the cold-side heat exchanger 522 includes a channel 628
between contact plates 627 and 592. In one embodiment, the
channel 624 includes a plurality of fingers 620 that extend
from the contact plate 623 to the contact plate 590. For
example, the length 630 of each finger 620 is equal to or less
than 8 cm. In another example, the length 630 of each finger
620 is equal to or less than 6 cm. In yet another example, the
length 630 of each finger 620 is equal to or less than 4 cm. In
another embodiment, the channel 628 includes a plurality of
fingers 622 that extend from the contact plate 627 to the
contact plate 592. For example, the length 632 of each finger
622 is equal to or less than 8 cm. In another example, the
length 632 of each finger 622 is equal to or less than 6 cm. In
yet another example, the length 632 of each finger 622 is
equal to or less than 4 cm.

In one embodiment, for the channel 624, each part of the
cold fluid flow (that moves through the channel 624) corre-
sponds to a shortest distance to the thermoelectric device
component 531, and the shortest distance is less than half the
square root of the total free flow area for a corresponding
cross-section of the fluid flow. For example, the correspond-
ing cross-section of the fluid flow is perpendicular to the
second direction 562, and the total free flow area for the
corresponding cross-section is equal to the cross-sectional
area of the channel 624 minus the corresponding cross-sec-
tion areas of the fingers.

In another embodiment, for the channel 628, each part of
the cold fluid flow (that moves through the channel 628)
corresponds to a shortest distance to the thermoelectric device
component 532, and the shortest distance is less than half the
square root of the total free flow area for a corresponding
cross-section of the fluid flow. For example, the correspond-
ing cross-section of the fluid flow is perpendicular to the
second direction 562, and the total free flow area for the
corresponding cross-section is equal to the cross-sectional
area of the channel 628 minus the corresponding cross-sec-
tion areas of the fingers.

According to certain embodiments, the channel 624
includes a plurality of fin structures (e.g., fingers) that are
aligned in the second direction 562 (e.g., into the paper as
shown in FIG. 6D) for conveying the cold fluid flow, and the
channel 628 also includes a plurality of fin structures (e.g.,
fingers) that are aligned in the second direction 562 (e.g., into
the paper as shown in FIG. 6D) for conveying the cold fluid
flow. For example, the plurality of fin structures enhance
thermal conductivity for transferring heat from the thermo-
electric device component 531 through the contact plate 623
to the cold fluid flow in the cold channel 624. By maintaining
a certain rate of the cold fluid flow, a substantially stable
cold-side temperature can be maintained at the cold junction
of the thermoelectric device component 531. In another
example, the plurality of fin structures enhance thermal con-
ductivity for transferring heat from thermoelectric device
component 532 through the contact plate 627 to the cold fluid
flow in the cold channel 628. By maintaining a certain rate of
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the cold fluid flow, a substantially stable cold-side tempera-
ture can be maintained at the cold junction of the thermoelec-
tric device component 532.

According to some embodiments, the height of each cold
channel (e.g., the channel 624 or 628) as disposed in the
modular thermoelectric unit 500 is configured to fit the space
provided by the reduced dimension of the middle component
515 in comparison with the inlet component 511 and the
outlet region component 519 of the hot-side heat exchanger
510. For example, the distance between two outside contact
plates 590 and 592 is substantially equal to the cross-sectional
dimension 680 of the inlet component 511 and the cross-
sectional dimension 688 of the outlet component 519, pro-
viding convenience for packing a plurality of modular ther-
moelectric units 500 along the third direction 563, which is
perpendicular to both the first direction 561 and the second
direction 562.

As shown in FIG. 6C, the hot-side heat exchanger 510
includes three channels 580, 582 and 584, and each of the
three channels 580, 582 and 584 is used to convey a hot fluid
flow in the first direction 561 according to one embodiment.
For example, the channel 580 is located between contact
plates 660 and 662, the channel 582 is located between con-
tact plates 664 and 666, and the channel 584 is located
between contact plates 668 and 670. In another example, the
channel 580 includes a plurality of fingers 661 that extend
from the contact plate 660 to the contact plate 662, the chan-
nel 582 includes a plurality of fingers 665 that extend from the
contact plate 664 to the contact plate 666, and the channel 584
includes a plurality of fingers 669 that extend from the contact
plate 668 to the contact plate 670. In yet another example, the
length 671 of each finger (e.g., the finger 661, 665, or 670) is
equal to or less than 8 cm. In yet another example, the length
671 of each finger (e.g., the finger 661, 665, or 670) is equal
to or less than 6 cm. In yet another example, the length 671 of
each finger (e.g., the finger 661, 665, or 670) is equal to or less
than 4 cm.

In one embodiment, for the channel 580, each part of the
hot fluid flow (that moves through the channel 580) corre-
sponds to a shortest distance to the thermoelectric device
component 531 and another shortest distance to the thermo-
electric device component 532, and both these two shortest
distances are less than half the square root of the total free
flow area for a corresponding cross-section of the fluid flow.
For example, the corresponding cross-section of the fluid flow
is perpendicular to the first direction 561, and the total free
flow area for the corresponding cross-section is equal to the
cross-sectional area of the channel 580 minus the correspond-
ing cross-section areas of the fingers.

In another embodiment, for the channel 582, each part of
the hot fluid flow (that moves through the channel 582) cor-
responds to a shortest distance to the thermoelectric device
component 531 and another shortest distance to the thermo-
electric device component 532, and both these two shortest
distances are less than half the square root of the total free
flow area for a corresponding cross-section of the fluid flow.
For example, the corresponding cross-section of the fluid flow
is perpendicular to the first direction 561, and the total free
flow area for the corresponding cross-section is equal to the
cross-sectional area of the channel 582 minus the correspond-
ing cross-section areas of the fingers.

In yet another embodiment, for the channel 584, each part
of the hot fluid flow (that moves through the channel 584)
corresponds to a shortest distance to the thermoelectric device
component 531 and another shortest distance to the thermo-
electric device component 532, and both these two shortest
distances are less than half the square root of the total free
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flow area for a corresponding cross-section of the fluid flow.
For example, the corresponding cross-section of the fluid flow
is perpendicular to the first direction 561, and the total free
flow area for the corresponding cross-section is equal to the
cross-sectional area of the channel 584 minus the correspond-
ing cross-section areas of the fingers.

According to another embodiment, the channels 580, 582
and 584 each include a plurality of fin structures (e.g., fingers)
that are aligned in the first direction 561 (e.g., into the paper
as shown in FIG. 6C) at least in the middle component 515 for
conveying the hot fluid flows. For example, such fin structures
enhance thermal conductivity between the hot fluid flows and
the thermoelectric device components 531 and 532.

As discussed above and further emphasized here, FIGS.
6A-6D are merely examples, which should not unduly limit
the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications. In
one embodiment, the modular thermoelectric unit 500 is a
modular heat recovery unit. In another embodiment, one or
more modular thermoelectric units 500 are provided for
assembling a heat recovery system to be installed in a waste
heat exhaust region associated with industrial combustion
processes.

According to one embodiment, the coupling configuration
between the hot-side heat exchanger 510 and the two cold-
side heat exchangers 520 and 522 keeps at least the middle
component 515 of the hot-side heat exchanger 510 between
the two cold-side heat exchangers 520 and 522. For example,
such configuration can help maintain at least the middle com-
ponent 515 with one or more hot fluid flows in a substantially
stable, high temperature state.

According to another embodiment, the hot-side heat
exchanger 510 includes the transition components 513 and
517, each with increasing cross-sectional area to connect the
middle component 515 with the inlet component 511 or the
outlet component 519. For example, such configuration pro-
vides the inlet component 511 and the outlet component 519
with large cross-sectional areas that can facilitate the smooth
flow and also enhance the flow rate in the middle component
515 for better efficiency in thermal conduction. In another
example, such configuration can match the dimension of the
hot-side heat exchanger 51 in the third direction 563 with the
distance between the two contact plates 590 and 592 as shown
in FIG. 6D.

As shown in FIGS. 6 A-6D, the thermoelectric device com-
ponent 531 is sandwiched between the cold-side heat
exchanger 520 and the hot-side heat exchanger 510, and
forms a cold junction with the cold-side heat exchanger 520
and a hot junction with the hot-side heat exchanger 510, and
the thermoelectric device component 532 is sandwiched
between the cold-side heat exchanger 522 and the hot-side
heat exchanger 510, and forms a cold junction with the cold-
side heat exchanger 522 and a hot junction with the hot-side
heat exchanger 510 according to some embodiments. For
example, the shortest path from any unit of a hot fluid flow or
a cold fluid flow to its corresponding thermoelectric junction
(e.g., a corresponding hot junction or a corresponding cold
junction) is less than 3 inches. According to some embodi-
ments, the modular thermoelectric unit 500 includes the hot-
side heat exchanger 510, the cold-side heat exchangers 520
and 522, and the thermoelectric device components 531 and
532. For example, the hot-side heat exchanger 510 is used to
extract heat from one or more corresponding hot fluid flows.
In another example, each of the cold-side heat exchangers
520 and 522 is used to discharge heat to one or more corre-
sponding cold fluid flows.
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According to some embodiments, one or more of the fol-
lowing considerations (a) through (d) are taken into account:

(a) To increase net electric power generation and reduce
system size for a thermoelectric generator (e.g., a thermoelec-
tric system), it is desirable to use one or more hot-side heat
exchangers and one or more cold-side heat exchangers that
create low thermal resistance (e.g., high heat transfer) from
one or more corresponding hot or cold fluid flows to one or
more corresponding thermoelectric device components,
while providing a low pressure drop to the one or more
corresponding hot or cold fluid flows that pass through the
corresponding heat exchangers, respectively, according to
certain embodiments. For example, a lower thermal resis-
tance allows one or more corresponding hot-side heat
exchangers to extract more heat for a given area and thus
allows a thermoelectric generator to generate more power per
unit volume. In another example, a pressure drop needs to be
compensated for by one or more pumps and/or fans, which
consume parasitic energy and thus reduce net power genera-
tion.

(b) The heat transfer is proportional to the surface area in
contact with the corresponding flow fluid and is proportional
to the fluid velocity, and the pressure drop is proportional to
the surface area in contact with the corresponding flow fluid
and is proportional to the cube of the fluid velocity; therefore
a high heat transfer, low pressure drop heat exchanger can be
achieved with a low fluid velocity and a high surface area
according to certain embodiments. For example, a low fluid
velocity can be obtained by increasing the free-flow cross-
sectional area of the heat exchanger. In another example, a
high surface area can be achieved using fins (e.g., fingers),
pins, web, channels or other extended surface area features on
the heat exchange surfaces.

(c) Heat needs to conduct down the length of any fin or
extended surface to the thermoelectric device component,
and such length of heat conduction introduces thermal resis-
tance, and the thermal resistance of a fin is proportional to the
length of the conductive path, and inversely proportional to
the width of the conductive path and the thermal conductivity
otf’heat exchanger material according to certain embodiments.
For example, high thermal conductivity materials are expen-
sive (e.g., copper, gold, silver, silicon carbide, aluminum
nitride) or are not suitable for high temperature applications
due to softening or oxidation (e.g., aluminum, graphite). In
another example, a wider fin reduces the free-flow area
thereby increasing the pressure drop and reducing the net
power generation. In yet another example, a short conductive
length can be achieved by using one or more wide but shallow
heat exchanger channels; however such channel geometry
can create a thermoelectric system with physical dimensions
that may be difficult to work with. In yet another example,
such difficulty can be overcome by dividing or manifolding
the fluid flow and layering multiple stacks of one or more
hot-side heat exchangers, one or more thermoelectric device
components, and one or more cold-side heat exchangers in
parallel to the fluid flow.

(d) A larger number of stacked hot and/or cold channels
without fins, but with even lower channel height can provide
an equivalent free flow cross sectional area and an equivalent
surface area and thus may also achieve a low fluid velocity, a
high surface area and a short conductive path according to
certain embodiments. As an example, such arrangement is
less effective for a thermoelectric generator that requires ther-
mal impedance matching of the thermoelectric device com-
ponents with the heat exchangers in order to maximize power
generation. In another example, a heat exchanger arrange-
ment without extended surface area have a low heat transfer

10

15

20

25

30

35

40

45

50

55

60

65

18

per unit area of thermoelectric material, so one or more
thicker thermoelectric device components and/or a lower
packing fraction of thermoelectric material are needed. In yet
another example, a thicker thermoelectric device component
may result in higher thermoelectric material costs. In yet
another example, a lower packing fraction of thermoelectric
material may result in loss of power due to leakage of heat
through the spaces around the thermoelectric device compo-
nents.

As discussed above and further emphasized here, FIGS.
6A-6D are merely examples, which should not unduly limit
the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
For example, the two thermoelectric device components 531
and 532 are replaced by two devices that are not thermoelec-
tric devices but can still convert thermal energy to electric
energy. In another example, the two thermoelectric device
components 531 and 532 are replaced by certain types of
thermophotovoltaic devices, each of which includes one or
more certain types of thermophotovoltaic materials. In yet
another example, the two thermoelectric device components
531 and 532 are replaced by certain types of thermionic
devices, each of which includes one or more certain types of
thermionic materials.

In another example, the first direction 561 is not fixed, but
instead the first direction 561 changes as the one or more hot
fluid flows move through the one or more channels of the
hot-side heat exchanger 510. In yet another example, the
second direction 562 is not fixed, but instead the second
direction 562 changes as the one or more cold fluid flows
move through the one or more channels of the cold-side heat
exchanger 520 and/or the one or more channels of the cold-
side heat exchanger 522.

FIG. 7 is a simplified diagram showing certain components
of the modular thermoelectric unit 500 as shown in FIGS.
6A-6D according to one embodiment of the present inven-
tion. This diagram is merely an example, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications.

As described above, the thermoelectric device component
531 is sandwiched between the cold-side heat exchanger 520
and the hot-side heat exchanger 510, and forms the cold
junction with the cold-side heat exchanger 520 and the hot
junction with the hot-side heat exchanger 510, and the ther-
moelectric device component 532 is sandwiched between the
cold-side heat exchanger 522 and the hot-side heat exchanger
510, and forms the cold junction with the cold-side heat
exchanger 522 and the hot junction with the hot-side heat
exchanger 510, according to certain embodiments. For
example, on one side of the middle component 515, the con-
tact plate 623 of the cold-side heat exchanger 520 is engaged
to form the cold junction with the thermoelectric device com-
ponent 531, while leaving the contact plate 590 facing outside
of the modular thermoelectric unit 500. In another example,
on another side of the middle component 515, the contact
plate 627 of the cold-side heat exchanger 522 is engaged to
form a cold junction with the thermoelectric device compo-
nent 532, while leaving the contact plate 592 facing outside of
the modular thermoelectric unit 500.

In one embodiment, the thermoelectric device component
531 includes a plurality of thermoelectric device units 640
embedded in a low thermal-conductivity matrix 642 and
sandwiched between two terminals 641 and 643. For
example, the terminal 641 serves as a contact plate for form-
ing the hot junction with the contact plate 614 of the hot-side
heat exchanger 510, and the terminal 643 serves as a contact
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plate for forming the cold junction with the contact plate 623
of the cold-side heat exchanger 520. In another example, the
terminals 641 and 643 also serve as electrical shunts for
outputting electrical power generated by the thermoelectric
device component 531 in response to a temperature gradient
between the hot junction and the cold junction.

In another embodiment, the thermoelectric device compo-
nent 532 includes a plurality of thermoelectric device units
650 embedded in a low thermal-conductivity matrix 652 and
sandwiched between two terminals 651 and 653. For
example, the terminal 651 serves as a contact plate for form-
ing the hot junction with the contact plate 616 of the hot-side
heat exchanger 510, and the terminal 653 serves as a contact
plate for forming the cold junction with the contact plate 627
of'the cold-side heat exchanger 522. In another example, the
terminals 651 and 653 also serve as electrical shunts for
outputting electrical power generated by the thermoelectric
device component 532 in response to a temperature gradient
between the hot junction and the cold junction.

As shown in FIG. 7, an interfacial material 675 is inserted
between the terminal 641 and the contact plate 614, and
another interfacial material 676 is inserted between the ter-
minal 643 and the contact plate 623 according to certain
embodiments. For example, the interfacial material 675 is
used to ensure excellent thermal conductivity between the
terminal 641 and the contact plate 614. In another example,
the interfacial material 676 is used to ensure excellent thermal
conductivity between the terminal 643 and the contact plate
623. In one embodiment, the interfacial material 675 is suit-
able with the high temperature environment (e.g., up to 800°
C. or higher, up to 650° C. or higher) near the hot-side heat
exchanger 510. For example, the interfacial material 675 uses
a metal foil, in particular a copper foil, because the metal foil
tends to be softened at high temperature, thus becoming an
excellent thermal contact medium as the contact plate 614 is
pressed against the terminal 641. In another embodiment, the
interfacial material 676 is thin in order to enhance through-
plane thermal conductivity. For example, the interfacial mate-
rial 676 uses a graphite foil, because low levels of pressure
can cause the graphite foil to flatten out as the contact plate
623 is pressed against the terminal 643. According to some
embodiments, an interfacial material (e.g., similar to the
interfacial material 675) is inserted between the terminal 651
and the contact plate 616, and another interfacial material
(e.g., similar to the interfacial material 676) is inserted
between the terminal 653 and the contact plate 627.

FIG. 8 A is a simplified diagram showing some components
of the modular thermoelectric unit 500 as shown in FIGS.
6A-6D according to another embodiment of the present
invention. This diagram is merely an example, which should
not unduly limit the scope of the claims. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications.

As shown in FIG. 8A, the hot-side heat exchanger 510
includes the three channels 580, 582 and 584, located
between the channel 624 of the cold-side heat exchanger 520
and the channel 628 of the cold-side heat exchanger 522. For
example, between the cold channel 624 and the three hot
channels 580, 582 and 584, there is the thermoelectric device
component 531 (e.g., with high thermoelectric figure of
merit). In another example, between the cold channel 628 and
the three hot channels 580, 582 and 584, there is the thermo-
electric device component 532 (e.g., with high thermoelectric
figure of merit).

In one embodiment, the thermoelectric device component
531 includes a plurality of thermoelectric device units 730
(e.g., the plurality of thermoelectric device units 640), and the
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thermoelectric device component 532 includes a plurality of
thermoelectric device units 732 (e.g., a plurality of thermo-
electric device units 650). For example, the plurality of ther-
moelectric device units 730 are aligned along the first direc-
tion 562, and the plurality of thermoelectric device units 732
are also aligned along the first direction 562. In another
example, each thermoelectric device unit of the plurality of
thermoelectric device units 730 and/or the plurality of ther-
moelectric device units 732 is made from an array of nanow-
ires through semiconductor fabrication processes.

In yet another example, each thermoelectric device unit of
the plurality of thermoelectric device units 730 is functional-
ized into either a p-type semiconductor unit (e.g., a p-type
thermoelectric leg) with low thermal conductivity and high
electrical conductivity, or an n-type semiconductor unit (e.g.,
an n-type thermoelectric leg) with low thermal conductivity
and high electrical conductivity. In yet another example, each
thermoelectric device unit of the plurality of thermoelectric
device units 732 is functionalized into either a p-type semi-
conductor unit with low thermal conductivity and high elec-
trical conductivity, or an n-type semiconductor unit with low
thermal conductivity and high electrical conductivity. In yet
another example, the p-type semiconductor and the n-type
semiconductor each are a thermoelectric material.

According to one embodiment, the plurality of thermoelec-
tric device units 730 include p-type semiconductor units and
n-type semiconductor units. For example, two p-type semi-
conductor units are separated by at least one n-type semicon-
ductor unit, and two n-type semiconductor units are separated
by at least one p-type semiconductor unit. In another
example, the plurality of thermoelectric device units 730 are
electrically coupled to each other (e.g., each n-type semicon-
ductor unit being electrically connected to one or two p-type
semiconductor units, each p-type semiconductor unit being
electrically connected to one or two n-type semiconductor
units). According to another embodiment, the plurality of
thermoelectric device units 732 include p-type semiconduc-
tor units and n-type semiconductor units. For example, two
p-type semiconductor units are separated by at least one
n-type semiconductor unit, and two n-type semiconductor
units are separated by at least one p-type semiconductor unit.
In another example, the plurality of thermoelectric device
units 732 are electrically coupled to each other (e.g., each
n-type semiconductor unit being electrically connected to one
or two p-type semiconductor units, each p-type semiconduc-
tor unit being electrically connected to one or two n-type
semiconductor units).

As shown in FIG. 8A, the plurality of thermoelectric device
units 730 are divided into three groups 740, 742, and 744 of
thermoelectric device units corresponding to the three chan-
nels 580, 582 and 584 respectively, and the plurality of ther-
moelectric device units 732 are divided into three groups 750,
752, and 754 of thermoelectric device units corresponding to
the three channels 580, 582 and 584 respectively. For
example, the three channels 580, 582 and 584 are disposed
one by one with a small gap between each other in order to
improve mechanical tolerance of the structure with respect to
thermal expansion variation under high temperature opera-
tion. In another example, across each such small gap, a flex-
ible connector 746 (e.g., acable) is used to electrically link the
groups 740 and 742 or the groups 742 and 744, and a flexible
connector 756 (e.g., a cable) is used to electrically link the
groups 750 and 752 or the groups 752 and 754.

In one embodiment, an end unit of the group 740 is elec-
trically connected to an insulated cable 760 through a flexible
connector 746, and an end unit of the group 750 is also
electrically connected to the insulated cable 760 through a
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flexible connector 756. For example, the insulated cable 760
can tolerate a high temperature (e.g., up to 800° C. or higher,
up to 650° C. or higher). In another example, the insulated
cable 760 is partially attached to the cold-side heat exchang-
ers 520 and 522. In another embodiment, an end unit of the
group 744 is electrically connected to an insulated cable 762
through a flexible connector 746, and an end unit of the group
754 is also electrically connected to the insulated cable 764
through a flexible connector 756. For example, the insulated
cable 762 is partially attached to the cold-side heat exchanger
520, and the insulated cable 764 is partially attached to the
cold-side heat exchanger 522. In another example, the insu-
lated cables 762 and 764 are used as main electrodes for
connecting to corresponding external electrical leads. In yet
another example, the insulated cables 762 and 764 are used to
couple electrically with a neighboring modular thermoelec-
tric unit 500 if multiple modular thermoelectric units 500 are
assembled together to form a subsystem or a system. In yet
another example, the insulated cables 762 and 764 are used to
transfer the electric energy (e.g., electricity) that is converted
from the thermal energy by the thermoelectric device com-
ponents 531 and 532 through thermoelectric conversion.

FIG. 8B is a simplified diagram showing some components
of the modular thermoelectric unit 500 as shown in FIGS.
6A-6D according to yet another embodiment of the present
invention. This diagram is merely an example, which should
not unduly limit the scope of the claims. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications.

As shown in FIG. 8B, the hot-side heat exchanger 510
includes the three channels 580, 582 and 584, located
between the channel 624 of the cold-side heat exchanger 520
and the channel 628 of the cold-side heat exchanger 522. For
example, between the cold channel 624 and the three hot
channels 580, 582 and 584, there is the thermoelectric device
component 531 (e.g., with high thermoelectric figure of
merit). In another example, between the cold channel 628 and
the three hot channels 580, 582 and 584, there is the thermo-
electric device component 532 (e.g., with high thermoelectric
figure of merit).

In one embodiment, the thermoelectric device component
531 includes a plurality of thermoelectric device units 730
(e.g., the plurality of thermoelectric device units 640), and the
thermoelectric device component 532 includes a plurality of
thermoelectric device units 732 (e.g., a plurality of thermo-
electric device units 650). For example, the plurality of ther-
moelectric device units 730 are aligned along the first direc-
tion 562, and the plurality of thermoelectric device units 732
are also aligned along the first direction 562. In another
example, each thermoelectric device unit of the plurality of
thermoelectric device units 730 and/or the plurality of ther-
moelectric device units 732 is made from an array of nanow-
ires through semiconductor fabrication processes.

In yet another example, each thermoelectric device unit of
the plurality of thermoelectric device units 730 is functional-
ized into either a p-type semiconductor unit with low thermal
conductivity and high electrical conductivity, or an n-type
semiconductor unit with low thermal conductivity and high
electrical conductivity. In yet another example, each thermo-
electric device unit of the plurality of thermoelectric device
units 732 is functionalized into either a p-type semiconductor
unit with low thermal conductivity and high electrical con-
ductivity, or an n-type semiconductor unit with low thermal
conductivity and high electrical conductivity.

According to one embodiment, the plurality of thermoelec-
tric device units 730 include p-type semiconductor units and
n-type semiconductor units. For example, two p-type semi-
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conductor units are separated by at least one n-type semicon-
ductor unit, and two n-type semiconductor units are separated
by at least one p-type semiconductor unit. In another
example, the plurality of thermoelectric device units 730 are
electrically coupled to each other (e.g., each n-type semicon-
ductor unit being electrically connected to one or two p-type
semiconductor units, each p-type semiconductor unit being
electrically connected to one or two n-type semiconductor
units). According to another embodiment, the plurality of
thermoelectric device units 732 include p-type semiconduc-
tor units and n-type semiconductor units. For example, two
p-type semiconductor units are separated by at least one
n-type semiconductor unit, and two n-type semiconductor
units are separated by at least one p-type semiconductor unit.
In another example, the plurality of thermoelectric device
units 732 are electrically coupled to each other (e.g., each
n-type semiconductor unit being electrically connected to one
or two p-type semiconductor units, each p-type semiconduc-
tor unit being electrically connected to one or two n-type
semiconductor units).

As shown in FIG. 8B, the plurality of thermoelectric device
units 730 are divided into three groups 740, 742, and 744 of
thermoelectric device units corresponding to the three chan-
nels 580, 582 and 584 respectively, and the plurality of ther-
moelectric device units 732 are divided into three groups 750,
752, and 754 of thermoelectric device units corresponding to
the three channels 580, 582 and 584 respectively. For
example, the three channels 580, 582 and 584 are disposed
one by one with a small gap between each other in order to
improve mechanical tolerance of the structure with respect to
thermal expansion variation under high temperature opera-
tion.

In another example, each of the two groups 740 and 742 are
electrically connected to an insulated cable 776 that extends
beyond the contact plate 590 of the cold-side heat exchanger
520, and these insulated cables 776 are connected to each
other by an insulated cable 792. In yet another example, each
of'thetwo groups 742 and 744 are electrically connected to an
insulated cable 776 that extends beyond the contact plate 590
of the cold-side heat exchanger 520, and these insulated
cables 776 are connected to each other by an insulated cable
792.

In yetanother example, each of the two groups 750 and 752
are electrically connected to an insulated cable 786 that
extends beyond the contact plate 592 of the cold-side heat
exchanger 522, and these insulated cables 786 are connected
to each other by an insulated cable 794. In yet another
example, each of the two groups 752 and 754 are electrically
connected to an insulated cable 786 that extends beyond the
contact plate 592 of the cold-side heat exchanger 522, and
these insulated cables 786 are connected to each other by an
insulated cable 794.

In yet another example, the group 740 is electrically con-
nected to an insulated cable 776 that extends beyond the
contact plate 590 of the cold-side heat exchanger 520, and the
group 750 is electrically connected to an insulated cable 786
that extends beyond the contact plate 592 of'the cold-side heat
exchanger 522, wherein these insulated cables 776 and 786
are connected to each other by an insulated cable 790. In yet
another example, the group 744 is electrically connected to an
insulated cable 776 that extends beyond the contact plate 590
of the cold-side heat exchanger 520, and the group 754 is
electrically connected to an insulated cable 786 that extends
beyond the contact plate 592 of the cold-side heat exchanger
522, wherein the insulated cable 776 is connected to an insu-
lated cable 796 and the insulated cable 786 is connected to an
insulated cable 798. In one embodiment, the insulated cables
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796 and 798 are used as main electrodes for connecting to
corresponding external electrical leads. In another embodi-
ment, the insulated cables 796 and 798 are used to couple
electrically with a neighboring modular thermoelectric unit
500 if multiple modular thermoelectric units 500 are
assembled together to form a subsystem or a system.

FIG.9is asimplified diagram showing certain components
of the modular thermoelectric unit 500 as shown in FIGS.
6A-6D according to yet another embodiment of the present
invention. This diagram is merely an example, which should
not unduly limit the scope of the claims. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications.

As described above, the thermoelectric device component
531 is sandwiched between the cold-side heat exchanger 520
and the hot-side heat exchanger 510, and the thermoelectric
device component 532 is sandwiched between the cold-side
heat exchanger 522 and the hot-side heat exchanger 510
according to some embodiments.

In an embodiment, the cold-side heat exchanger 520 is
mounted by at least one bolt assembly 840 in an extended end
region of the contact plate 623 so that the contact plate 623 is
pressed against the thermoelectric device component 531,
which in turn is pressed against the hot-side heat exchanger
510, and the hot-side heat exchanger 510 is further pressed
against the thermoelectric device component 531 and the
contact plate 627 of the cold-side heat exchanger 522. For
example, the bolt assembly 840 includes a top portion above
the contact plate 623, a bottom portion below the contact plate
627, and a middle portion between the contact plates 623 and
627. In another example, the top portion of the bolt assembly
840 includes a bolt head 820 and a spring washer 822. In yet
another example, the bottom portion of the bolt assembly 840
includes a nut 824 that is coupled to the bolt that extends from
the contact plate 623 of the cold-side heat exchanger 520 to
the contact plate 627 of the cold-side heat exchanger 522 to
the contact plate 623. In yet another example, the middle
portion of the bolt assembly 840 includes a spacer 810 that is
both thermally and electrically insulating so that the bolt does
not make any thermal and electrical contact with the hot-side
heat exchanger 510 and does not make any thermal and elec-
trical contact with any of the thermoelectric device compo-
nent 531 or 532.

According to one embodiment, the bolt assembly 840 is
tightened when all of the hot-side heat exchanger 510 and the
cold-side heat exchangers 520 and 522 are cold. For example,
afterwards, when the hot-side heat exchanger 510 becomes
hot during normal operation, the middle portion of the bolt
assembly 840 would expand in length, and such thermal
expansion is accommodated by the spring washer 822, which
remains cold in part due to the insulating spacer 810. Accord-
ing to another embodiment, as shown in FIG. 6B, the modular
thermoelectric unit 500 includes multiple bolt assemblies
502. For example, each of the multiple bolt assemblies 502 is
the same as the bolt assembly 840.

As shown in FIG. 9 and/or FIGS. 6A-6D, the modular
thermoelectric unit 500 includes the thermoelectric device
components 531 sandwiched between the hot-side heat
exchanger 510 and the cold-side heat exchanger 520, and the
thermoelectric device components 532 sandwiched between
the hot-side heat exchanger 510 and the cold-side heat
exchanger 522 according to certain embodiments. In one
embodiment, the thermoelectric device components 531 and
the cold-side heat exchangers 520 are on one side of the
hot-side heat exchanger 510, and the thermoelectric device
components 532 and the cold-side heat exchangers 522 are on
another side of the hot-side heat exchanger 510. In another
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embodiment, the bolt assembly 840 (e.g., a bolt) extends from
the cold-side heat exchangers 520 to the cold-side heat
exchangers 522, without making contact with the hot-side
heat exchanger 510 and without making contact with any of
the thermoelectric device components 531 and 532.

According to some embodiments, one or more of the fol-
lowing considerations (A) and (B) are taken into account:

(A) The bolt assembly 840 applies compressive force to the
hot-side heat exchanger 510 and the thermoelectric device
components 531 and 532 according to certain embodiments.
For example, the bolt assembly 840 reduces thermal resis-
tance of the contacts by applying a pressure to one or more
compliant materials at the interfaces between the thermoelec-
tric device components 531 and 532 and the heat exchangers
510,520, and 522, without producing a thermal short between
the hot-side heat exchanger 510 and the cold-side heat
exchanger 520 and without producing a thermal short
between the hot-side heat exchanger 510 and the cold-side
heat exchangers 522. In another example, any of such thermal
short would reduce both the temperature gradient and the heat
flux across the thermoelectric device components 531 and
across the thermoelectric device components 532, thus also
reducing the amount power produced by the modular thermo-
electric unit 500.

(B) Extending the bolt assembly 840 from the cold-side
heat exchangers 520 to the cold-side heat exchangers 522 can
reduce the design temperature requirement of the bolt assem-
bly 840 including the spring washer 822 according to certain
embodiments. For example, extending the bolt assembly 840
from the cold-side heat exchanger 520 to the cold-side heat
exchanger 522 can reduce the heat loss of the hot-side heat
exchanger 510 to the atmosphere by placing the hot-side heat
exchanger 510 between the cold-side heat exchangers 520
and 522.

According to some embodiments, also referring to FIGS.
3A-3B, one or more bolt assemblies that are similar to the bolt
assembly 840 are used to extend, for example, from the heat
source component 212 (e.g., a hot-side heat exchanger) to the
heat source component 214 (e.g., a hot-side heat exchanger).

As discussed above and further emphasized here, FIG. 9 is
merely an example, which should not unduly limit the scope
of'the claims. One of ordinary skill in the art would recognize
many variations, alternatives, and modifications. For
example, the bolt assembly 840 that includes a bolt is
replaced by another component that can also apply a com-
pressive force to the cold-side heat exchanger 520, the ther-
moelectric device component 531, the hot-side heat
exchanger 510, the thermoelectric device component 532,
and the cold-side heat exchanger 522.

FIG. 10 is a simplified diagram showing a modular ther-
moelectric subsystem according to one embodiment of the
present invention. This diagram is merely an example, which
should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications.

The modular thermoelectric subsystem 900 includes mul-
tiple modular thermoelectric units 901 stacking together
(e.g., four modular thermoelectric units 901 stacking
together) according to one embodiment. For example, each
modular thermoelectric unit 901 is a modular thermoelectric
units 500 as shown in FIGS. 6 A-6D. In another example, the
stacking of multiple modular thermoelectric units 901 is per-
formed along the third direction 563 as shown in FIG. 6D.

In one embodiment, the dimension of the inlet component
511 and the outlet component 519 of the hot-side heat
exchanger 510 along the third direction 563 matches (e.g.,
being equal to or being smaller than) the distance between the
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contact plates 590 and 592 along the third direction, so the
stacking of multiple modular thermoelectric units 901 (e.g.,
the stacking of multiple modular thermoelectric units 500)
along the third direction 563 allows formation a combined
inlet component 911 and a combined outlet component 919
for all the hot channels of the assembled multiple modular
units.

In another embodiment, the stacking of multiple modular
thermoelectric units 901 (e.g., the stacking of multiple modu-
lar thermoelectric units 500) along the third direction 563
allows the contact plate 590 of one modular thermoelectric
unit to be in good thermal contact with the contact plate 592
of'a neighboring modular thermoelectric unit, forming a com-
bined inlet component 921 and a combined outlet component
929 for all the cold channels of the assembled multiple modu-
lar units.

As shown in FIG. 10, the modular thermoelectric sub-
system 900 includes a duct structure 940 associated with the
combined inlet component 921 for all the cold channels. For
example, the duct structure 940 includes multiple shaped
sides 941 to extend the combined inlet component 921 to an
enlarged opening. In another example, the duct structure 940
also includes multiple shaped insulation blockers 942 to pre-
vent the cold fluid flows to directly contact the exposed side
surfaces of the hot channels.

In one embodiment, a fan or pump structure is installed at
the opening of the duct structure 940 for driving the cold fluid
flows through all of the cold channels along the second direc-
tion 362. In another embodiment, an exhaust fan or pump
structure is installed at the opening of the combined outlet
component 919 for maintaining a desired flow rate for all of
the hot fluid flows along the first direction 361. In yet another
embodiment, multiple modular thermoelectric subsystems
400 are stacked up to form a thermoelectric system. For
example, such stacking of multiple modular thermoelectric
subsystems 400 is performed along the third direction 563. In
another example, such stacking of multiple modular thermo-
electric subsystems 400 is performed along the first direction
561 and/or the second direction 562.

FIGS. 11A-11B are simplified diagrams showing a modu-
lar thermoelectric subsystem according to another embodi-
ment of the present invention. These diagrams are merely
examples, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications.

In one embodiment, the modular thermoelectric subsystem
1000 includes external components 1110 and internal com-
ponents 1120 inside the external components 1110. In
another embodiment, the modular thermoelectric subsystem
1000 is the same as or substantially similar with the modular
thermoelectric subsystem 900.

As discussed above and further emphasized here, FIG. 10
and FIGS. 11A-11B are merely examples, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications. For example, the modular thermoelectric sub-
system 900 includes only one modular thermoelectric units
901.

FIG. 12 is a simplified diagram showing a thermoelectric
system according to one embodiment of the present inven-
tion. This diagram is merely an example, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications.

As shown in FIG. 12, the thermoelectric system 1100
includes multiple modular thermoelectric subsystems 1110
(e.g., five modular thermoelectric subsystems 1110). For
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example, each of the multiple modular thermoelectric sub-
systems 1110 is a modular thermoelectric subsystem 900. In
another example, the multiple modular thermoelectric sub-
systems 1110 are multiple modular thermoelectric sub-
systems 900 stacking along the third direction 563. In yet
another example, a combined outlet component 929 of a
modular thermoelectric subsystem 900 is electrically con-
nected to a combined inlet component 921 of another modu-
lar thermoelectric subsystem 900, and the multiple modular
thermoelectric subsystems 900 are electrically connected in
series.

In one embodiment, multiple modular thermoelectric sub-
systems 1110 (e.g., five modular thermoelectric subsystems
900) include multiple cold-fluid fans and/or pumps 1151
(e.g., five fan or pump structures) that are installed at the
opening of multiple duct structures 1153 (e.g., five duct struc-
ture 940) for driving the cold fluid flows through the cold
channels along the second direction 562. For example, the
cold fluid flows then move out of the multiple modular ther-
moelectric subsystems 1110 via multiple duct structures 1155
(e.g., five duct structures). In another example, the multiple
cold-fluid fans and/or pumps 1151 and/or the multiple duct
structures 1153 are the one or more perimeter parts of the
thermoelectric system 1100, and through the one or more
perimeter parts, the cold fluid flows enter into the cold chan-
nels along the second direction 562. In yet another example,
the hot fluid flows (e.g., hot air) move upward (e.g., from a
chimney) through all of the hot channels along the first direc-
tion 561.

In another embodiment, the multiple modular thermoelec-
tric subsystems 1110 (e.g., five modular thermoelectric sub-
systems 900) include multiple hot-exhaust fans and/or pumps
(e.g., five hot-exhaust fans and/or pumps) that are installed at
the opening of multiple combined outlet components (e.g.,
five combined outlet components 919) for maintaining a
desired flow rate for all of the hot fluid flows along the first
direction 561 (e.g., from a chimney). For example, the hot
fluid flows then move out of the multiple modular thermo-
electric subsystems 1110 via multiple combined outlet com-
ponents (e.g., five combined outlet components 919).

In yet another embodiment, the thermoelectric system
1100 includes two main electrical leads that connect all the
thermoelectric device components (e.g., all the thermoelec-
tric device components 531 and 532) of the thermoelectric
system 1100 in order to output the electrical energy that is
converted from the thermal energy (e.g., the thermal energy
from the waste heat in the hot air flowing out a chimney). For
example, the multiple modular thermoelectric subsystems
900 are electrically connected in series. In another example,
one of the two main electrical leads is a combined inlet
component 921 of an end modular thermoelectric subsystem
900, and the one of the two main electrical leads is a combined
outlet component 929 of the other end modular thermoelec-
tric subsystem 900.

FIGS. 13A-13B are simplified diagrams showing a heat
recovery system including the thermoelectric system 1100
according to one embodiment of the present invention. These
diagrams are merely examples, which should not unduly limit
the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.

According to some embodiments, the thermoelectric sys-
tem 1100 is used in a heat recovery system 1200, and the
thermoelectric system 1100 includes multiple modular ther-
moelectric subsystems 1110. In one embodiment, the mul-
tiple modular thermoelectric subsystems 1110 (e.g., five
modular thermoelectric subsystems 900) include multiple
hot-exhaust fans and/or pumps 1261 (e.g., five hot-exhaust
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fans and/or pumps 1261) that are installed at the opening of
multiple combined outlet components (e.g., five combined
outlet components 919) for maintaining a desired flow rate for
all of the hot fluid flows along the first direction 561 (e.g.,
from a chimney). For example, the hot fluid flows then move
out of the multiple modular thermoelectric subsystems 1110
via multiple combined outlet components (e.g., five com-
bined outlet components 919). In another example, the mul-
tiple hot-exhaust fans and/or pumps 1261 each are a belt-
driven vane axial fan or pump. In yet another example, the
multiple hot-exhaust fans and/or pumps 1261 each are indi-
vidually controlled (e.g., through variable-frequency drive
(VFD)) to handle uneven flows across the multiple combined
outlet components (e.g., the five combined outlet components
919).

As shown in FIGS. 13A-13B, one or more control dampers
1212 are disposed below multiple combined inlet compo-
nents (e.g., five combined inlet components 911). For
example, the one or more control dampers 1212 are used to
maintain a controlled flow rate for the hot fluid (e.g., hot air)
through the hot channels. In another example, the one or more
control dampers 1212 are connected to a chimney transition
duct 1211.

In one embodiment, the chimney transition duct 1211 is
part of an extension duct structure 1215, which is also used to
support the thermoelectric system 1100. For example, the
extension duct structure 1215 also includes a bypass duct for
providing a pathway for exhausting over flows of the hot fluid.
In another example, the chimney transition duct 1211 is con-
nected to an existing chimney 1210 via a mating flange 1213.
In another embodiment, an access platform 1280 is attached
to the extension duct structure 1215 in order to perform main-
tenance and/or repairs. For example, a ladder 1281 from roof
is used to lead a person up to the access platform 1280.

FIG. 14 is a simplified diagram showing a thermoelectric
system according to another embodiment of the present
invention. This diagram is merely an example, which should
not unduly limit the scope of the claims. One of ordinary skill
in the art would recognize many variations, alternatives, and
modifications.

As shown in FIG. 14, the thermoelectric system 1300
includes multiple modular thermoelectric subsystems 1310
(e.g., four modular thermoelectric subsystems 1110) and
multiple modular thermoelectric subsystems 1320 (e.g., four
modular thermoelectric subsystems 1110). For example, each
of the multiple modular thermoelectric subsystems 1310 is a
modular thermoelectric subsystem 900, and each of the mul-
tiple modular thermoelectric subsystems 1320 is a modular
thermoelectric subsystem 900. In another example, the mul-
tiple modular thermoelectric subsystems 1310 are multiple
modular thermoelectric subsystems 900 stacking along the
third direction 563, and the multiple modular thermoelectric
subsystems 1320 are multiple modular thermoelectric sub-
systems 900 stacking along the third direction 563. In yet
another example, a combined outlet component 929 of a
modular thermoelectric subsystem 1310 is electrically con-
nected to a combined inlet component 921 of another modu-
lar thermoelectric subsystem 1310, and the multiple modular
thermoelectric subsystems 1310 are electrically connected in
series. In yet another example, a combined outlet component
929 of a modular thermoelectric subsystem 1320 is electri-
cally connected to a combined inlet component 921 of
another modular thermoelectric subsystem 1320, and the
multiple modular thermoelectric subsystems 1320 are elec-
trically connected in series.

In one embodiment, multiple modular thermoelectric sub-
systems 1310 (e.g., four modular thermoelectric subsystems
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900) include multiple cold-fluid fans and/or pumps 1351
(e.g., four fan or pump structures) that are installed at the
opening of multiple duct structures 1353 (e.g., four duct
structure 940) for driving the cold fluid flows through the cold
channels along the second direction 562. For example, the
cold fluid flows then move out of the multiple modular ther-
moelectric subsystems 1310 via multiple duct structures 1355
(e.g., four duct structures). In another example, the multiple
cold-fluid fans and/or pumps 1351 and/or the multiple duct
structures 1353 are the one or more perimeter parts of the
thermoelectric system 1300, and through the one or more
perimeter parts, the cold fluid flows enter into the cold chan-
nels along the second direction 562.

In another embodiment, multiple modular thermoelectric
subsystems 1320 (e.g., four modular thermoelectric sub-
systems 900) include multiple cold-fluid fans and/or pumps
1352 (e.g., four fan or pump structures) that are installed at the
opening of multiple duct structures 1354 (e.g., four duct
structure 940) for driving the cold fluid flows through the cold
channels in a direction opposite to the second direction 562.
For example, the cold fluid flows then move out of the mul-
tiple modular thermoelectric subsystems 1320 via multiple
duct structures 1356 (e.g., four duct structures). In another
example, the multiple cold-fluid fans and/or pumps 1352
and/or the multiple duct structures 1354 are the one or more
perimeter parts of the thermoelectric system 1300, and
through the one or more perimeter parts, the cold fluid flows
enter into the cold channels in a direction opposite to the
second direction 562.

Inyetanother embodiment, the hot fluid flows (e.g., hot air)
move upward (e.g., from a chimney) through all of the hot
channels of the multiple modular thermoelectric subsystems
1310 and 1320 along the first direction 561. In yet another
embodiment, the multiple modular thermoelectric sub-
systems 1310 (e.g., four modular thermoelectric subsystems
900) include multiple hot-exhaust fans and/or pumps (e.g.,
four hot-exhaust fans and/or pumps) that are installed at the
opening of multiple combined outlet components (e.g., four
combined outlet components 919) for maintaining a desired
flow rate for the hot fluid flows along the first direction 561
(e.g., from a chimney). For example, the hot fluid flows then
move out of the multiple modular thermoelectric subsystems
1310 via multiple combined outlet components (e.g., four
combined outlet components 919). In yet another embodi-
ment, the multiple modular thermoelectric subsystems 1320
(e.g., four modular thermoelectric subsystems 900) include
multiple hot-exhaust fans and/or pumps (e.g., four hot-ex-
haust fans and/or pumps) that are installed at the opening of
multiple combined outlet components (e.g., four combined
outlet components 919) for maintaining a desired flow rate for
the hot fluid flows along the first direction 561 (e.g., from the
chimney). For example, the hot fluid flows then move out of
the multiple modular thermoelectric subsystems 1320 via
multiple combined outlet components (e.g., four combined
outlet components 919).

In yet another embodiment, the thermoelectric system
1300 includes two main electrical leads that connect all the
thermoelectric device components (e.g., all the thermoelec-
tric device components 531 and 532) of the thermoelectric
system 1300 in order to output the electrical energy that is
converted from the thermal energy (e.g., the thermal energy
from the waste heat in the hot gas flowing out a chimney). For
example, the multiple modular thermoelectric subsystems
900 are electrically connected in series. In another example,
one of the two main electrical leads is a combined inlet
component 921 of an end modular thermoelectric subsystem
1310, and the one of the two main electrical leads is a com-
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bined outlet component 929 of an end modular thermoelectric
subsystem 1320. In yet another example, a combined outlet
component 929 of the other end modular thermoelectric sub-
system 1310 is electrically connected to a combined inlet
component 921 of the other end modular thermoelectric sub-
system 1320.

As discussed above and further emphasized here, FIGS. 12
and 14 are merely examples, which should not unduly limit
the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
For example, the thermoelectric system 1100 includes only
one modular thermoelectric subsystems 1110. In another
example, the thermoelectric system 1100 includes only one
modular thermoelectric unit 901. In yet another example, the
thermoelectric system 1300 includes only one modular ther-
moelectric subsystem 1310 and only one modular thermo-
electric subsystem 1320. In yet another example, the thermo-
electric system 1300 includes only two modular
thermoelectric units 901.

As showninFIGS. 2B-2C, FIG. 3B, FIG. 4B, FIG. 10, FIG.
11A-11B, FIG. 12, and/or FIG. 14, a thermoelectric system
includes a number of repeated modular thermoelectric units
and/or a number of repeated modular thermoelectric sub-
systems according to certain embodiments. For example, a
modular thermoelectric unit includes a plurality of hot-side
heat exchangers, a plurality of cold-side heat exchangers, and
aplurality of thermoelectric device components, all of which
can be arranged in various permutations to create an opti-
mized system for a variety of exhaust temperatures and flow
rates. In another example, a modular thermoelectric sub-
system includes a plurality of hot-side heat exchangers, a
plurality of cold-side heat exchangers, and a plurality of ther-
moelectric device components, all of which can be arranged
in various permutations to create an optimized system for a
variety of exhaust temperatures and flow rates.

FIGS. 15A-15B are simplified diagrams showing a heat
recovery system including the thermoelectric system 1300
according to another embodiment of the present invention.
These diagrams are merely examples, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications.

According to some embodiments, the thermoelectric sys-
tem 1300 is used in a heat recovery system 1400, and the
thermoelectric system 1300 includes multiple modular ther-
moelectric subsystems 1320. In one embodiment, the mul-
tiple modular thermoelectric subsystems 1320 (e.g., four
modular thermoelectric subsystems 900) include multiple
hot-exhaust fans and/or pumps 1462 (e.g., four hot-exhaust
fans and/or pumps 1462) that are installed at the opening of
multiple combined outlet components 1480 (e.g., four com-
bined outlet components 919) for maintaining a desired flow
rate for the hot fluid flows along the first direction 561 (e.g.,
from a chimney). For example, the hot fluid flows then move
out of the multiple modular thermoelectric subsystems 1320
via multiple combined outlet components 1480 (e.g., four
combined outlet components 919). In another example, the
multiple hot-exhaust fans and/or pumps 1462 each are a belt-
driven vane axial fan or pump. In yet another example, the
multiple hot-exhaust fans and/or pumps 1462 each are indi-
vidually controlled (e.g., through variable-frequency drive
(VFD)) to handle uneven flows across the multiple combined
outlet components (e.g., the four combined outlet compo-
nents 919).

According to certain embodiments, the multiple modular
thermoelectric subsystems 1310 (e.g., four modular thermo-
electric subsystems 900) include multiple hot-exhaust fans
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and/or pumps 1461 (e.g., four hot-exhaust fans and/or pumps
1461) that are installed at the opening of multiple combined
outlet components 1470 (e.g., four combined outlet compo-
nents 919) for maintaining a desired flow rate for the hot fluid
flows along the first direction 561 (e.g., from a chimney). For
example, the hot fluid flows then move out of the multiple
modular thermoelectric subsystems 1310 via multiple com-
bined outlet components 1470 (e.g., four combined outlet
components 919). In another example, the multiple hot-ex-
haust fans and/or pumps 1461 each are a belt-driven vane
axial fan or pump. In yet another example, the multiple hot-
exhaust fans and/or pumps 1461 each are individually con-
trolled (e.g., through variable-frequency drive (VFD)) to
handle uneven flows across the multiple combined outlet
components (e.g., the four combined outlet components 919).

As shown in FIGS. 15A-15B, one or more control dampers
1422 are disposed below multiple combined inlet compo-
nents (e.g., four combined inlet components 911) of the mul-
tiple modular thermoelectric subsystems 1320, and one or
more control dampers 1412 are disposed below multiple com-
bined inlet components (e.g., four combined inlet compo-
nents 911) of the multiple modular thermoelectric sub-
systems 1310. For example, the one or more control dampers
1412 and 1422 are used to maintain a controlled flow rate for
the hot fluid through the hot channels. In another example, the
one or more control dampers 1412 and 1422 are connected to
a chimney transition duct 1411.

In one embodiment, the chimney transition duct 1411 is
part of an extension duct structure 1415, which is also used to
support the thermoelectric system 1300. For example, the
extension duct structure 1415 also includes a bypass duct
1414 for providing a pathway for exhausting over flows ofthe
hot fluid. In another example, the chimney transition duct
1411 is connected to an existing chimney 1410 via a mating
flange 1413. In another embodiment, access platforms 1480
and 1490 are attached to the extension duct structure 1415 in
order to perform maintenance and/or repairs. For example,
ladders 1481 and 1491 from roof are used to lead a person up
to the access platforms 1480 and 1490 respectively.

As shown in FIGS. 15A-15B, the bypass duct 1414 is
located in a central region sided by the multiple duct struc-
tures 1355 (e.g., four duct structures) and the multiple duct
structures 1356 (e.g., four duct structures). For example, the
bypass duct 1414 is connected to one or more control dampers
1424, which in turn are connected to the chimney transition
duct 1411. In another example, the one or more control damp-
ers 1412 and 1422 are closed, so that the hot fluid does not
flow into any hot channel of the multiple modular thermo-
electric subsystems 1310 and 1320, and the one or more
control dampers 1424 are open so that the hot fluid flows into
the bypass duct 1414.

As discussed above and further emphasized here, FIG. 10,
FIGS. 11A-11B, FIG. 12, FIGS. 13A-13B, FIG. 14, and
FIGS. 15A-15B are merely examples, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications. For example, the number of modular thermo-
electric units for a modular thermoelectric subsystem can be
customized based on specific applications. In another
example, the number of modular thermoelectric subsystems
for a thermoelectric system can be customized based on spe-
cific applications. In yet another example, for high tempera-
ture fluid flows, a larger number of modular thermoelectric
units in a thermoelectric system can be arranged to leave
sufficient space for cooling in order to reduce the temperature
that the hot channels have to handle.
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FIGS. 16A-16B are simplified diagrams showing a heat
recovery system including the thermoelectric system 1300
according to yet another embodiment of the present inven-
tion. These diagrams are merely examples, which should not
unduly limit the scope of the claims. One of ordinary skill in
the art would recognize many variations, alternatives, and
modifications.

According to some embodiments, the thermoelectric sys-
tem 1300 is used in a heat recovery system 1500, and the
thermoelectric system 1300 includes multiple modular ther-
moelectric subsystems 1320. In one embodiment, the mul-
tiple modular thermoelectric subsystems 1320 (e.g., multiple
modular thermoelectric subsystems 900) include multiple
hot-exhaust fans and/or pumps 1562 that are installed at the
opening of multiple combined outlet components 1580 (e.g.,
multiple combined outlet components 919) for maintaining a
desired flow rate for the hot fluid flows along the first direction
561 (e.g., from a chimney). For example, the hot fluid flows
then move out of the multiple modular thermoelectric sub-
systems 1320 via multiple combined outlet components 1580
(e.g., multiple combined outlet components 919). In another
example, the multiple hot-exhaust fans and/or pumps 1562
each are a belt-driven vane axial fan or pump. In yet another
example, the multiple hot-exhaust fans and/or pumps 1562
each are individually controlled (e.g., through variable-fre-
quency drive (VFD)) to handle uneven flows across the mul-
tiple combined outlet components (e.g., the multiple com-
bined outlet components 919).

According to certain embodiments, the multiple modular
thermoelectric subsystems 1310 (e.g., multiple modular ther-
moelectric subsystems 900) include multiple hot-exhaust
fans and/or pumps 1561 that are installed at the opening of
multiple combined outlet components 1570 (e.g., multiple
combined outlet components 919) for maintaining a desired
flow rate for the hot fluid flows along the first direction 561
(e.g., from a chimney). For example, the hot fluid flows then
move out of the multiple modular thermoelectric subsystems
1310 via multiple combined outlet components 1570 (e.g.,
multiple combined outlet components 919). In another
example, the multiple hot-exhaust fans and/or pumps 1561
each are a belt-driven vane axial fan or pump. In yet another
example, the multiple hot-exhaust fans and/or pumps 1561
each are individually controlled (e.g., through variable-fre-
quency drive (VFD)) to handle uneven flows across the mul-
tiple combined outlet components (e.g., the multiple com-
bined outlet components 919).

As shown in FIGS. 16A-16B, one or more valves (e.g.,
valves 1530 and 1532) are disposed below a supply duct 1520
and multiple combined inlet components (e.g., multiple com-
bined inlet components 911) of the multiple modular thermo-
electric subsystems 1320, and one or more valves (e.g., valves
1534 and 1536) are disposed below a supply duct 1510 and
multiple combined inlet components (e.g., multiple com-
bined inlet components 911) of the multiple modular thermo-
electric subsystems 1310. For example, the one or more
valves (e.g., the valves 1530, 1532, 1534, and 1536) are used
to control a flow rate for the hot fluid through the hot channels.
In another example, the one or more valves (e.g., the valves
1530, 1532, 1534, and 1536) are connected to a chimney
transition duct 1511.

In one embodiment, the chimney transition duct 1511 is
part of an extension duct structure, which is also used to
support the thermoelectric system 1300. For example, the
extension duct structure also includes a bypass duct 1514 for
providing a pathway for exhausting over flows of the hot fluid.
In another example, the chimney transition duct 1511 is con-
nected to an existing chimney via a mating flange. In another
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embodiment, one or more access platforms are attached to the
extension duct structure in order to perform maintenance
and/or repairs. For example, one or more ladders from roof
are used to lead a person up to the one or more access plat-
forms respectively.

According to one embodiment, the bypass duct 1514 is
located in a central region sided by the multiple duct struc-
tures 1355 and 1356 and two exhaust ducts 1516 and 1526.
For example, the exhaust duct 1516 is parallel or substantially
parallel with the bypass duct 1514. In another example, the
exhaust duct 1526 is parallel or substantially parallel with the
bypass duct 1514. In another example, the bypass duct 1514
is connected to one or more valves (e.g., the valves 1532 and
1534), which in turn are connected to the chimney transition
duct 1511.

In one embodiment, as shown in FIG. 16A, the valves
1530, 1532, 1534, and 1536 are arranged so that the hot fluid
flows into the hot channels of the multiple modular thermo-
electric subsystems 1310 through the supply duct 1510 and
flows into the hot channels of the multiple modular thermo-
electric subsystems 1320 through the supply duct 1520, but
the hot fluid does not flow into the bypass duct 1514. In
another embodiment, as shown in FIG. 16B, the valves 1530,
1532, 1534, and 1536 are arranged so that the hot fluid does
not flow into any of the supply ducts 1510 and 1520 and does
not flow into any hot channel of the multiple modular ther-
moelectric subsystems 1310 and 1320, but the hot fluid flows
into the bypass duct 1514.

According to another embodiment, the multiple modular
thermoelectric subsystems 1310 (e.g., multiple modular ther-
moelectric subsystems 900) include the multiple cold-fluid
fans and/or pumps 1351 that are installed at the opening of the
multiple duct structures 1353 for driving the cold fluid flows
from a supply duct 1518 through the cold channels along the
second direction 562. For example, the cold fluid flows then
move out of the multiple modular thermoelectric subsystems
1310 via the multiple duct structures 1355 into an exhaust
duct 1516. In another embodiment, the multiple modular
thermoelectric subsystems 1320 (e.g., multiple modular ther-
moelectric subsystems 900) include the multiple cold-fluid
fans and/or pumps 1352 that are installed at the opening of the
multiple duct structures 1354 for driving the cold fluid flows
from a supply duct 1524 through the cold channels in a
direction opposite to the second direction 562. For example,
the cold fluid flows then move out of the multiple modular
thermoelectric subsystems 1320 via the multiple duct struc-
tures 1356 into an exhaust duct 1526. In yet another embodi-
ment, the hot fluid flows (e.g., hot air) move upward (e.g.,
from a chimney) through all of the hot channels of the mul-
tiple modular thermoelectric subsystems 1310 and 1320
along the first direction 561.

As discussed above and further emphasized here, FIGS.
16A-16B are merely examples, which should notunduly limit
the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
For example, the cold fluid flows move out of the multiple
modular thermoelectric subsystems 1320 via the multiple
duct structures 1356 into the bypass duct 1514 instead of the
exhaust duct 1526. In another example, the cold fluid flows
move out of the multiple modular thermoelectric subsystems
1310 via the multiple duct structures 1355 into the bypass
duct 1514 instead of the exhaust duct 1516. In yet another
example, the valves 1530, 1532, 1534, and 1536 are removed
so that the supply ducts 1510 and 1520 each are connected to
the chimney transition duct 1511 without through any valve
and the bypass duct 1514 is also connected to the chimney
transition duct 1511 without through any valve, and the
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bypass duct 1514 shares a movable sidewall with the supply
duct 1520 and shares another movable sidewall with the sup-
ply duct 1510, as shown in FIGS. 17A-17B.

FIGS. 17A-17B are simplified diagrams showing the
bypass duct 1514 and the supply ducts 1510 and 1520 as parts
of'aheatrecovery system including the thermoelectric system
1300 according to yet another embodiment of the present
invention. These diagrams are merely examples, which
should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications.

According to some embodiments, the bypass duct 1514
and the supply ducts 1510 and 1520 are parts of a heat recov-
ery system 1600. According to certain embodiments, the heat
recovery system 1600 also uses the thermoelectric system
1300 similar to the arrangement as shown in FIGS. 16 A-16B.
In one embodiment, the supply ducts 1510 and 1520 each are
connected to the chimney transition duct 1511 without
through any valve, and the bypass duct 1514 is also connected
to the chimney transition duct 1511 without through any
valve. For example, the supply duct 1520 includes two side-
walls 1630 and 1632, and the supply duct 1510 includes two
sidewalls 1634 and 1636. In another example, the bypass duct
1514 shares the sidewall 1632 with the supply duct 1520, and
shares the sidewall 1634 with the supply duct 1510. In yet
another example, the sidewalls 1632 and 1634 are movable.

Asshown in FIG.17A, the sidewalls 1630,1632, 1634, and
1636 are arranged so that the hot fluid flows from the chimney
transition duct 1511 through the supply duct 1510 (e.g., into
the hot channels of the multiple modular thermoelectric sub-
systems 1310), and flows from the chimney transition duct
1511 through the supply duct 1520 (e.g., into the hot channels
of'the multiple modular thermoelectric subsystems 1320), but
the hot fluid does not flow into the bypass duct 1514 from the
chimney transition duct 1511, according to one embodiment.
As shown in FIG. 17B, the sidewalls 1630, 1632, 1634, and
1636 are arranged so that the hot fluid does not flow into any
of the supply ducts 1510 and 1520 from the chimney transi-
tion duct 1511, but the hot fluid flows into the bypass duct
1514 from the chimney transition duct 1511.

According to another embodiment, the multiple modular
thermoelectric subsystems 1310 (e.g., multiple modular ther-
moelectric subsystems 900) include the multiple cold-fluid
fans and/or pumps 1351 that are installed at the opening of the
multiple duct structures 1353 for driving the cold fluid flows
from the supply duct 1518 through the cold channels along
the second direction 562. For example, the cold fluid flows
then move out of the multiple modular thermoelectric sub-
systems 1310 via the multiple duct structures 1355 into an
exhaust duct 1516. In another embodiment, the multiple
modular thermoelectric subsystems 1320 (e.g., multiple
modular thermoelectric subsystems 900) include the multiple
cold-fluid fans and/or pumps 1352 that are installed at the
opening of the multiple duct structures 1354 for driving the
cold fluid flows from a supply duct 1524 through the cold
channels in a direction opposite to the second direction 562.
For example, the cold fluid flows then move out of the mul-
tiple modular thermoelectric subsystems 1320 via the mul-
tiple duct structures 1356 into an exhaust duct 1526. In yet
another embodiment, the hot fluid flows (e.g., hot air) move
upward (e.g., from a chimney) through all of the hot channels
of the multiple modular thermoelectric subsystems 1310 and
1320 along the first direction 561.

As shown in FIGS. 16A-16B and/or FIGS. 17A-17B, a
bypass chimney (e.g., the bypass duct 1514) is used to divert
a hot exhaust flow around the thermoelectric system 1300 if
the heat recovery system is offline according to some embodi-
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ments. In one embodiment, one or more valves (e.g., the
valves 1530, 1532, 1534 and 1536) are also used. In another
embodiment, one or more moveable diverter vanes (e.g., the
sidewalls 1630, 1632, 1634, and 1636) can direct the hot
exhaust flow to the thermoelectric system 1300 or to the
bypass chimney (e.g., the bypass duct 1514). For example, the
one or more moveable diverter vanes are located below (e.g.,
immediately or remotely upstream of the thermoelectric sys-
tem 1300). In another example, the one or more moveable
diverter vanes include one or more vanes per flow path.

In yet another embodiment, to reduce the footprint of the
heat recovery system, the multiple modular thermoelectric
subsystems 1310 and 1320 are positioned on the perimeter of
the bypass chimney with the cold fluid flows that enter from
the exterior of the heat recovery system from multiple cold-
fluid fans and/or pumps (e.g., the multiple cold-fluid fans
and/or pumps 1351 or 1352) and/or one or more supply ducts
(e.g., the supply ducts 1514 and 1524) and are discharged into
center of the heat recovery system. For example, the dis-
charge of the cold fluid flows enter the bypass chimney (e.g.,
the bypass duct 1514). In another example, the discharge of
the cold fluid flows enter one or more exhaust ducts (e.g., the
exhaust ducts 1516 and 1526) that run parallel to the bypass
chimney (e.g., the bypass duct 1514).

Referring to FIG. 1, in the conventional thermoelectric
generation system (e.g., the conventional heat recovery sys-
tem 4000), the one or more thermoelectric device compo-
nents 4010 are separated from hot fluid molecules of the one
or more hot fluid flows 4042 by a significant distance with
large thermal resistance. Therefore, little of the available ther-
mal energy in the one or more hot fluid flows 4042 is trans-
ferred to the one or more thermoelectric device components
4010, and the temperature gradient across the one or more
thermoelectric device components 4010 is degraded accord-
ing to some embodiments.

FIG. 18 is a simplified diagram showing a heat recovery
system as shown in FIGS. 13A-13B, FIGS. 15A-15B, FIGS.
16A-16B, and/or FIGS. 17A-17B according to some embodi-
ments of the present invention. This diagram is merely an
example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications.

As shown, in a heat recovery system 5000, one or more
thermoelectric device components 5010 are within a hot flow
region 5040. In one embodiment, one or more hot junctions
and one or more cold junctions are generated by allowing a
hot flow pathway to be sandwiched between cold flow path-
ways 5082 through the one or more thermoelectric device
components 5010. For example, one or more hot fluid flows
5042 moves upward out of an exhaust pipe or a chimney 5044,
and the thermoelectric system 5090 is placed across substan-
tially the entire cross-sectional area of the exhaust pipe or the
chimney 5044. In another example, the hot flow pathway is
modified to one or more restricted channels 5080 in the ver-
tical direction (e.g., out of the exhaust pipe or the chimney
5044). In yet another example, a hot fluid flow is separated
into multiple hot fluid flows received by multiple restricted
channels 5080 respectively.

According to one embodiment, the hot channels are sand-
wiched by one or more cold channels along a horizontal
direction (e.g., from right to left), allowing one or more cold
fluid flows (e.g., the cold fluid guided by directional funnels)
to pass through. For example, between the corresponding hot
and cold channels, the one or more thermoelectric device
components are installed to stay right in the middle of the
cross-sectional area of the exhaust pipe or the chimney 5044.
According to another embodiment, such layout of the heat
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recovery system allows the one or more thermoelectric device
components 5010 to be in substantially direct interaction with
molecules of the one or more hot fluid flows 5042 because the
hot channels directly serve as heat exchangers to deliver
thermal energy carried by the one or more hot fluid flows
5042. For example, the one or more cold fluid flows 5082
through the cold channels still steadily provides cooling to the
cold front of the thermoelectric device components 5010,
which can be maintained with much greater temperature gra-
dient with much improved stability. In another example, the
thermoelectric device components 5010 in such heat recovery
system can be designed with high thermoelectric power den-
sity for adapting the high-gradient thermal junctions with
large thermal stress and is able to generate more electric
power from waste heat with much improved efficiency.

According to yet another embodiment, one or more modu-
larthermoelectric units are designed to include a hot-side heat
exchanger separately disposed and sandwiched between two
cold-side heat exchangers. The hot-side heat exchanger
includes more than one hot channels disposed in parallel for
conveying hot fluid flows in a first direction and aligned
separately in a second direction with a gap between each
other. Each of the two cold-side heat exchangers includes a
continuous contact plate to commonly couple the two or more
hot channels in the second direction for conveying a cold fluid
flows. The hot-cold channel configuration leads to two ther-
mal junctions for inserting two thermoelectric devices (e.g.,
two thermoelectric device components). The matching
dimensions of inlet and outlet regions of the hot channels and
side-to-side distance between two cold channels provide a
modular unit capable of scaling up in a third direction that is
perpendicular to both the first direction and the second direc-
tion.

According to yet another embodiment, a modular unit con-
venient for assembling to a system for various applications
including power generation from waste heat is provided. The
modular unit includes a simplified cuboid outline convenient
for stacking each other along at least two directions. Addi-
tionally, the modular unit includes at least a hot channel for
conveying heated flows and a cold channel for conveying
cooling flows, maintaining a junction with substantially
stable temperature gradient. The modular unit further
includes at least a thermoelectric device (e.g., a thermoelec-
tric device component) sandwiched between the hot channel
and the cold channel and configured to generate electrical
power by utilizing the temperature gradient across the junc-
tion. Furthermore, the modular unit is configured to align the
hot channel in a first direction and the cold channel in a
second direction, the second direction is either a direction
opposite or the same to the first direction or a direction per-
pendicular to the first direction. Moreover, the modular unit is
configured to be stacked along the first direction and the
second direction and additionally a third direction, the third
direction being perpendicular to both the first direction and
the second direction.

According to yet another embodiment, a modular thermo-
electric unit configured for forming a system for various
thermoelectric heat recovery applications is provided. The
modular unit includes a first heat exchanger including two or
more first channels, each being configured for conveying
heated fluid flows in a first direction and each being disposed
in parallel near each other along a second direction. The
second direction is perpendicular to the first direction. The
module unit further includes two second heat exchangers
respectively comprising a second channel and a third channel
disposed in parallel for conveying cooling fluid flows in the
second direction. Each and every first channel is configured to
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at least have a middle region completely disposed between a
first contact face of the second channel and a third contact
face of the third channel. The second channel is configured to
have a second contact face facing a third direction that is
perpendicular to both the first direction and the second direc-
tion. The third channel is substantially the same as the second
channel and configured to have a fourth contact face facing a
fourth direction that is opposite to the third direction. The
modular unit additionally contains a first thermoelectric
device (e.g., a thermoelectric device component) sandwiched
between the first contact face and the first side of the first
channel and a second thermoelectric device (e.g., a thermo-
electric device component) sandwiched between the third
contact face and the second side of the first channel. The
second thermoelectric device is configured to be electrically
coupled to the first thermoelectric device. The modular unit
further includes at least one first electrical lead coupled to the
first thermoelectric device and at least one second electrical
lead coupled to the second thermoelectric device.

According to yet another embodiment, the modular unit
includes a first thermal interface material disposed between
the first or second side of the first channel and a hot side of the
first or second thermoelectric device, respectively. Further-
more, the modular unit includes a second thermal interface
material disposed between the first or third contact face of the
second or third channel and a cold side of the first or second
thermoelectric device, respectively. In a specific embodi-
ment, the second or third channel is held fixed with the first or
second side of each first channel by bolts, compressed from
the cold side to the hot side, allowing good thermal contacts to
be formed between hot or cold side of the thermoelectric
device respectively with corresponding contact faces of the
first or second heat exchangers. The thermoelectric devices
are configured to convert a thermal gradient into electrical
energy as one of solutions for recovering waste heat. More-
over, the modular unit includes an insulation material dis-
posed at any contact regions between the first channel and the
second or third channel respectively.

According to yet another embodiment, the first channel
includes a first transition region (e.g., a transition component)
connecting an inlet region (e.g., an inlet component) with the
middle region (e.g., a middle component) and a second tran-
sition region (e.g., a transition component) connecting an
outlet region (e.g., an outlet component) with the middle
region (e.g., a middle component). The first transition region
and the second transition region are ducts substantially simi-
lar in shape with a reduced cross section from the inlet or
outlet region towards the middle region respectively. In a
specific embodiment, the inlet or outlet region has a rectan-
gular shaped cross section with a length being aligned in the
second direction and a width in the third direction defining a
module width of the modular unit. The module width is con-
figured to substantially equal to a distance from the second
contact face of the second channel and the fourth contact face
of' the third channel. In yet another specific embodiment, the
modular unit has a module length that is a multiplication of
the length of the inlet or outlet region of the first channel plus
any gaps between two neighboring first channels. The module
length is substantially equal to a length of the second channel
or the third channel along the second direction.

According to yet another embodiment, a subsystem for
heat recovery is provided. The subsystem is stacked from a
plurality of modular units. Each modular unit includes a first
heat exchanger disposed between two substantially identical
second heat exchangers. The first heat exchanger includes at
least a first channel in a first direction configured for passing
fluid flows at a first temperature and the two second heat
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exchangers respectively include a second channel and a third
channel, both in a second direction configured for passing
fluid flows at a second temperature. The second direction is
perpendicular to the first direction and the second tempera-
ture is lower than the first temperature. The first channel
includes at least a middle region having a first side plate and
a second side plate disposed in parallel to the second direction
and configured to respectively couple a first thermoelectric
device and a second thermoelectric device (e.g., substantially
the same as the first thermoelectric device). The first or sec-
ond thermoelectric device includes a hot-side terminal form-
ing thermal contact with the first or second side plate of the
first channel and a cold-side terminal forming thermal contact
with a first or third contact face of the second or third channel
respectively. The second or third channel includes a second or
fourth contact face that faces outside in or opposite to a third
direction that is perpendicular to both the first direction and
the second direction. The modular unit is configured to dis-
pose the second channel to contact the third channel of a
neighboring modular unit to form a first common inlet region
(e.g., a combined inlet component) and a first common outlet
region (e.g., a combined outlet component) as the plurality of
the modular units is stacked along the third direction. The
modular unit is further configured to dispose all the first
channels to form a second common inlet region and a second
common outlet region as the plurality of the modular units is
stacked along the third direction.

According to yet another embodiment, the subsystem
includes an exhaust fan or pump coupled to the second com-
mon outlet region for maintaining a flow rate of the fluid flows
at the first temperature. Each first channel includes a plurality
of fin structures disposed at least in the middle region aligned
in the first direction for enhancing thermal contact area for
facilitating heat transfer from the fluid flows at the first tem-
perature to the hot-side terminal of the first thermoelectric
device. Each of the second channel and the third channel also
includes a plurality of fin structures aligned in the second
direction for enhancing thermal contact area for facilitating
heat transfer from the cold-side terminal to the fluid flows at
the second temperature. Depending on system preference, the
subsystem includes a first frame structure to hold the plurality
of' modular units stacked together and allow individual modu-
lar unit to be removed or replaced. Furthermore, the sub-
system optionally includes a second frame structure config-
ured to hold the first frame structure and to allow the first
frame structure being slide out of the second frame structure
partially so that maintenance or replacement work can be
performed to any or all modular units therein.

According to yet another embodiment, a method is pro-
vided for making the modular thermoelectric unit configured
to be assembled to a subsystem for converting waste heat to
useful energy. The method includes providing a first heat
exchanger containing two or more first channels for convey-
ing hot fluid flows in a first direction. The two or more first
channels are configured to be aligned along a second direc-
tion to make contact plates on opposite sides of each first
channel to be leveled respectively. The second direction is
perpendicular to the first direction. The method further
includes providing two thermoelectric devices (e.g., two ther-
moelectric device components) each having a hot-side termi-
nal and a cold-side terminal. Additionally, the method
includes respectively attaching the two hot-side terminals to
contact with the two leveled contact plates on opposite sides
of each first channel. The method further includes providing
two second heat exchangers each including a second channel
along the second direction for conveying cold fluid flows.
Furthermore, the method includes disposing the two second
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heat exchangers by coupling each second channel respec-
tively to the cold-side terminal of each of the two thermoelec-
tric devices to have the two or more first channels sandwiched
by two thermal junctions.

According to yet another embodiment, the method
includes configuring the two or more first channels and the
two second channels to form a modular unit having a height
defined by the first channel and a length given by the second
channel and a width given by a distance between two outer
plates of the two second channels on opposite sides of the first
channels. The modular unit is capable of being stacked along
athird direction by binding a second channel of one modular
unit with another second channel of a neighboring modular
unit to form a subsystem. The third direction is perpendicular
to both the first direction along the first channel and the
second direction along the second channel. Additionally, the
modular unit can be scaled up in length by coupling with
another modular unit along the second direction to connect
the second channels of one unit to the second channels of
another unit.

Depending on various embodiments, one or more benefits
can be achieved with the modular design of heat recovery
system. Certain embodiments of the present invention pro-
vide a thermoelectric modular design that allows a wide range
of heat resources to be exploited with a single design, thus
allowing for high volume, low cost manufacturing of modules
scalable for a variety of systems in applications of heat recov-
ery, thermoelectric power generation, and/or thermoelectric
cooling. Some embodiments of the present invention provide,
for the scalable modular heat recovery unit, enhanced thermal
contact area via a continuous cold sink to couple with heat
sinks from two or more stacked hot fluid channels in perpen-
dicular direction, thus reducing the cost, avoiding complex
electrical and hydraulic connections, and improving the
mechanical structural integrity of the thermoelectric module
(e.g., amodular thermoelectric unit). Certain embodiments of
the present invention can keep the cold sinks at two outside
positions so that the bolts for coupling them can be kept cool,
while reducing thermal loss and eliminating some materials
by keeping the hot fluid channel in the middle position. Some
embodiments of the present invention make it simple for
assembling the thermoelectric modular unit itself and stack-
ing multiple modular units together to form a mega module
assembly or a thermoelectric subsystem with desired dimen-
sions and further being capable of scaling up to form a cus-
tomized heat recovery system. For example, the thermoelec-
tric subsystem needs one exhaust fan or pump and one
cooling fan or pump for multiple modular units, and each
modular unit in the subsystem is easily accessed for mainte-
nance and replacement. Certain embodiments of the present
invention utilize nanostructure-based thermoelectric devices
with enhanced thermoelectric efficiency and substantially
reduced manufacturing cost for various heat recovery appli-
cations including industrial combustion processes.

According to another embodiment, an apparatus for gen-
erating electricity includes one or more first components con-
figured to extract heat from at least a first fluid flow at a first
temperature to one or more devices configured to convert
thermal energy to electric energy. The first fluid flow is in a
first direction. Additionally, the apparatus includes one or
more second components configured to transfer heat from the
one or more devices to at least a second fluid flow at a second
temperature. The second temperature is lower than the first
temperature, and the second fluid flow is in a second direc-
tion. Each first part of the first fluid flow corresponds to a first
shortest distance to the one or more devices, and the first
shortest distance is less than half the square root of the total
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free flow area for a corresponding first cross-section of the
first fluid flow. The first cross-section is perpendicular to the
first direction. Each second part of the second fluid flow
corresponds to a second shortest distance to the one or more
devices, and the second shortest distance is less than half the
square root of the total free flow area for a corresponding
second cross-section of the second fluid flow. The second
cross-section is perpendicular to the second direction. For
example, the apparatus is implemented according to at least
FIGS. 6A-6D.

In another example, the first direction varies with move-
ment of the first fluid flow. In yet another example, the first
direction is fixed regardless of movement of the first fluid
flow. In yet another example, the second direction varies with
movement of the second fluid flow. In yet another example,
the second direction is fixed regardless of movement of the
second fluid flow. In yet another example, the one or more first
components include a first heat exchanger, and the one or
more second components include a second heat exchanger. In
yet another example, the one or more devices are one or more
thermoelectric devices. In yet another example, each of the
one or more thermoelectric devices includes at least one
thermoelectric material.

According to yet another embodiment, a thermoelectric
apparatus includes one or more first channels configured to
receive one or more first parts of a first fluid flow at a first
temperature, and one or more second channels configured to
receive one or more parts of a second fluid flow at a second
temperature. The second temperature is lower than the first
temperature. Additionally, the apparatus includes one or more
third channels configured to receive one or more second parts
of the first fluid flow, and the one or more third channels are
separated from the one or more first channels by at least the
one or more second channels. Moreover, the apparatus
includes one or more first thermoelectric materials located
between the one or more first channels and the one or more
second channels, and one or more second thermoelectric
materials located between the one or more second channels
and the one or more third channels. For example, the appara-
tus is implemented according to at least FIGS. 2B-2C, FIGS.
3A-3B, FIG. 4B, FIG. 10, FIGS. 11A-11B, FIG. 12, FIG. 14,
and/or FIG. 18.

In another example, the one or more first channels are one
or more parts of a first heat exchanger, the one or more second
channels are one or more parts of a second heat exchanger,
and the one or more third channels are one or more parts of a
third heat exchanger. The first heat exchanger and the third
heat exchanger are separated by at least the second heat
exchanger. In yet another example, the one or more first
thermoelectric materials are located between the first heat
exchanger and the second heat exchanger, and the one or more
second thermoelectric materials are located between the sec-
ond heat exchanger and the third heat exchanger. In yet
another example, the one or more first channels are one or
more parts of a first heat exchanger. The one or more second
channels include multiple channels. At least one of the mul-
tiple channels is at least a part of a second heat exchanger, and
at least another one of the multiple channels is at least a part
of'a third heat exchanger. The one or more third channels are
one or more parts of a fourth heat exchanger. In yet another
example, the first heat exchanger and the fourth heat
exchanger are separated by at least the second heat exchanger
and the third heat exchanger. In yet another example, the
second heat exchanger and the third heat exchanger are in
contact with each other. In yet another example, the first heat
exchanger and the second heat exchanger are parts of a first
modular thermoelectric unit, and the third heat exchanger and

10

15

20

25

30

35

40

45

50

55

60

65

40

the fourth heat exchanger are parts of a second modular
thermoelectric unit. In yet another example, the one or more
first thermoelectric materials are located between the first
heat exchanger and the second heat exchanger, and the one or
more second thermoelectric materials are located between the
third heat exchanger and the fourth heat exchanger. In yet
another example, the one or more first thermoelectric mate-
rials are not in direct contact with the one or more first chan-
nels or the one or more second channels, and the one or more
second thermoelectric materials are not in direct contact with
the one or more second channels or the one or more third
channels. In yet another example, the one or more second
channels are further configured to receive all parts of the
second fluid flow.

According to yet another embodiment, a heat recovery
system includes a thermoelectric apparatus, a first duct
coupled to the thermoelectric apparatus, and a second duct
not coupled to the thermoelectric apparatus. The first duct and
the second duct both are connected to a third duct and con-
figured to receive by the first duct a first fluid flow at a first
temperature from the third duct if the second duct does not
receive the first fluid flow and to receive by the second duct
the first fluid flow from the third duct if the first duct does not
receive the first fluid flow. The thermoelectric apparatus is
configured to receive at least a second fluid flow at a second
temperature. The second fluid flow moves into the thermo-
electric apparatus from one or more first perimeter parts of the
thermoelectric apparatus in a first direction. The first direc-
tion is towards the second duct, and the second temperature is
lower than the first temperature. Also, the thermoelectric
apparatus is configured to discharge the second fluid flow into
a fourth duct, and the fourth duct is the second duct or is
substantially parallel with the second duct. For example, the
apparatus is implemented according to at least FIGS. 13A-
13B, FIGS. 15A-15B, FIGS. 16A-16B, and/or FIGS. 17A-
17B.

In another example, the thermoelectric apparatus is further
configured to receive at least a third fluid flow at the second
temperature. The third fluid flow moves into the thermoelec-
tric apparatus from one or more second perimeter parts of the
thermoelectric apparatus in a second direction, and the sec-
ond direction is towards the second duct. Also, the thermo-
electric apparatus is further configured to discharge the third
fluid flow into a fifth duct. The fifth duct is the second duct or
is substantially parallel with the second duct. In yet another
example, the second direction is opposite to the first direction.
In yet another example, the heat recovery system includes a
fifth duct coupled to the thermoelectric apparatus and con-
nected to the third duct. The fifth duct and the second duct are
configured to receive by the fifth duct a third fluid flow at the
first temperature from the third duct if the second duct does
not receive the third fluid flow and to receive by the second
duct the third fluid flow from the third duct if the fifth duct
does not receive the third fluid flow. In yet another example,
the first duct and the second duct share a first sidewall, and the
second duct and the fifth duct share a second sidewall. The
first sidewall and the second sidewall are configured to move
to a first position and a second position respectively in order
to provide the first fluid flow to the first duct but not to the
second duct and in order to provide the third fluid flow to the
fifth duct but not to the second duct. Also, the first sidewall
and the second sidewall are configured to move to a third
position and a fourth position respectively in order to provide
the first fluid flow and the third fluid flow to the second duct
but not to the first duct and not to the fifth duct, wherein the
first fluid flow and the third fluid flow are received by the
second duct together as one fluid flow. In yet another example,
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the thermoelectric apparatus is a thermoelectric system. In yet
another example, the first duct is a first chimney, the second
duct is a second chimney, and the third duct is a third chimney.
In yet another example, the thermoelectric apparatus is fur-
ther configured to discharge the second fluid flow into the
fourth duct through a fifth duct. In yet another example, the
thermoelectric apparatus is further configured to discharge
the second fluid flow into the fourth duct, and the fourth duct
is parallel with the second duct.

According to yet another embodiment, a thermoelectric
apparatus includes a first heat exchanger configured to trans-
fer heat to or extract heat from a first fluid flow at a first
temperature, and a second heat exchanger configured to
extract heat from or transfer heat to a second fluid flow at a
second temperature. The second temperature is different from
the first temperature. Additionally, the apparatus includes a
third heat exchanger configured to transfer heat to or extract
heat from a third fluid flow at the first temperature, and the
third heat exchanger is separated from the first heat exchanger
by at least the second heat exchanger. Moreover, the appara-
tus includes one or more first thermoelectric materials sand-
wiched between the first heat exchanger and the second heat
exchanger, one or more second thermoelectric materials
sandwiched between the second heat exchanger and the third
heat exchanger, and one or more components extending from
the first heat exchanger to the third heat exchanger without
making any thermal contact with the second heat exchanger.
The one or more first thermoelectric materials, the second
heat exchanger, and the one or more second thermoelectric
materials are located between the first heat exchanger and the
third heat exchanger, and the one or more components are
configured to apply one or more compressive forces to at least
the one or more first thermoelectric materials, the second heat
exchanger, and the one or more second thermoelectric mate-
rials. For example, the apparatus is implemented according to
at least FIG. 9.

In another example, the one or more components are not in
any thermal contact with the one or more first thermoelectric
materials and are not in any thermal contact with the one or
more second thermoelectric materials. In yet another
example, the second temperature is higher than the first tem-
perature. In yet another example, the second temperature is
lower than the first temperature. In yet another example, the
one or more first thermoelectric materials are not in direct
contact with the first heat exchanger or the second heat
exchanger, and the one or more second thermoelectric mate-
rials are not in direct contact with the second heat exchanger
or the third heat exchanger. In yet another example, the one or
more components include one or more bolts extending from
the first heat exchanger to the third heat exchanger without
making any thermal contact with the second heat exchanger.

According to yet another embodiment, a method for gen-
erating electricity includes extracting heat from at least a first
fluid flow at a first temperature to one or more devices con-
figured to convert thermal energy to electric energy. The first
fluid flow is in a first direction. Additionally, the method
includes transferring heat to at least a second fluid flow at a
second temperature. The second temperature is lower than the
first temperature, and the second fluid flow is in a second
direction. Each first part of the first fluid flow corresponds to
afirst shortest distance to the one or more devices, and the first
shortest distance is less than half the square root of the total
free flow area for a corresponding first cross-section of the
first fluid flow. The first cross-section is perpendicular to the
first direction. Each second part of the second fluid flow
corresponds to a second shortest distance to the one or more
devices, and the second shortest distance is less than half the
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square root of the total free flow area for a corresponding
second cross-section of the second fluid flow. The second
cross-section is perpendicular to the second direction. For
example, the method is implemented according to at least
FIGS. 6A-6D. In another example, the one or more devices
are one or more thermoelectric devices.

According to yet another embodiment, a thermoelectric
method for generating electricity includes receiving, by one
or more first channels, one or more first parts of a first fluid
flow at a first temperature, and receiving, by one or more
second channels, one or more parts of a second fluid flow ata
second temperature. The second temperature is lower than the
first temperature. Additionally, the method includes receiv-
ing, by one or more third channels, one or more second parts
of the first fluid flow. The one or more third channels are
separated from the one or more first channels by at least the
one or more second channels. Moreover, the method includes
generating electricity by at least one or more first thermoelec-
tric materials and one or more second thermoelectric materi-
als. The one or more first thermoelectric materials are located
between the one or more first channels and the one or more
second channels, and the one or more second thermoelectric
materials are located between the one or more second chan-
nels and the one or more third channels. For example, the
method is implemented according to at least FIGS. 2B-2C,
FIGS. 3A-3B, FIG. 4B, FIG. 10, FIGS. 11A-11B, FIG. 12,
FIG. 14, and/or FI1G. 18.

According to yet another embodiment, a method for heat
recovery includes receiving, by a first duct, a first fluid flow at
afirst temperature from a third duct connected to both the first
duct and a second duct if the second duct does not receive the
first fluid flow. The first duct is coupled to a thermoelectric
apparatus, and the second duct is not coupled to the thermo-
electric apparatus. Additionally, the method includes receiv-
ing, by the second duct, the first fluid flow from the third duct
if the first duct does not receive the first fluid flow. Moreover,
the method includes receiving, by the thermoelectric appara-
tus, at least a second fluid flow at a second temperature, and
the second fluid flow moves into the thermoelectric apparatus
from one or more first perimeter parts of the thermoelectric
apparatus in a first direction. The first direction is towards the
second duct, and the second temperature is lower than the first
temperature. Also, the method includes discharging, by the
thermoelectric apparatus, the second fluid flow into a fourth
duct. The fourth duct is the second duct or is substantially
parallel with the second duct. For example, the method is
implemented according to at least FIGS. 13A-13B, FIGS.
15A-15B, FIGS. 16A-16B, and/or FIGS. 17A-17B.

According to yet another embodiment, a method for ther-
moelectric conversion includes transferring heat to or extract-
ing heat from a first fluid flow at a first temperature by a first
heat exchanger, and extracting heat from or transferring heat
to a second fluid flow at a second temperature by a second heat
exchanger. The second temperature is different from the first
temperature. Additionally, the method includes transferring
heat to or extracting heat from a third fluid flow at the first
temperature by a third heat exchanger, and the third heat
exchanger is separated from the first heat exchanger by at
least the second heat exchanger. Moreover, the method
includes applying, by one or more components, one or more
compressive forces to at least one or more first thermoelectric
materials, the second heat exchanger, and one or more second
thermoelectric materials. The one or more first thermoelectric
materials are sandwiched between the first heat exchanger
and the second heat exchanger, and the one or more second
thermoelectric materials are sandwiched between the second
heat exchanger and the third heat exchanger. The one or more



US 9,318,682 B2

43

first thermoelectric materials, the second heat exchanger, and
the one or more second thermoelectric materials are located
between the first heat exchanger and the third heat exchanger.
The process for applying, by one or more components, one or
more compressive forces includes extending the one or more
components from the first heat exchanger to the third heat
exchanger without making any thermal contact with the sec-
ond heat exchanger. For example, the method is implemented
according to at least FIG. 9.

In another example, the process for applying, by one or
more components, one or more compressive forces includes
extending the one or more components from the first heat
exchanger to the third heat exchanger without making any
thermal contact with the one or more first thermoelectric
materials and without making any thermal contact with the
one or more second thermoelectric materials. In yet another
example, the one or more components include one or more
bolts.

Although specific embodiments of the present invention
have been described, it will be understood by those of skill in
the art that there are other embodiments that are equivalent to
the described embodiments. For example, various embodi-
ments and/or examples of the present invention can be com-
bined. Accordingly, it is to be understood that the invention is
not to be limited by the specific illustrated embodiments, but
only by the scope of the appended claims.

What is claimed is:

1. A heat recovery system, the system comprising:

a thermoelectric apparatus;

a first duct coupled to the thermoelectric apparatus;

a second duct;

wherein the first duct and the second duct both are con-

nected to a third duct and configured to receive by the
first duct a first fluid flow at a first temperature from the
third duct if the second duct does not receive the first
fluid flow and to receive by the second duct the first fluid
flow from the third duct if the first duct does not receive
the first fluid flow;

wherein the thermoelectric apparatus is configured to:

receive at least a second fluid flow at a second tempera-
ture, the second fluid flow moving into the thermo-
electric apparatus from one or more first perimeter
parts of the thermoelectric apparatus in a first direc-
tion, the first direction being towards the second duct,
the second temperature being lower than the first tem-
perature;

discharge the second fluid flow into a fourth duct, the
fourth duct being the second duct or being substan-
tially parallel with the second duct;

receive at least a third fluid flow at the second tempera-
ture, the third fluid flow moving into the thermoelec-
tric apparatus from one or more second perimeter
parts of the thermoelectric apparatus in a second
direction, the second direction being towards the sec-
ond duct, wherein the second direction is opposite to
the first direction; and

discharge the third fluid flow into a fifth duct, the fifth
duct being the second duct or being substantially par-
allel with the second duct.

2. The heat recovery system of claim 1, and further com-
prising:

a sixth duct coupled to the thermoelectric apparatus and

connected to the third duct;

wherein the sixth duct is configured to receive a fourth fluid

flow at the first temperature from the third duct if the
second duct does not receive the fourth fluid flow and
wherein the second duct is configured to receive the
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fourth fluid flow from the third duct if the sixth duct does
not receive the fourth fluid flow.

3. The heat recovery system of claim 2 wherein:

the first duct and the second duct share a first sidewall; and

the second duct and the sixth duct share a second sidewall;

wherein the first sidewall and the second sidewall are con-
figured to:
move to a first position and a second position respec-
tively in order to provide the first fluid flow to the first
duct but not to the second duct and in order to provide
the fourth fluid flow to the sixth duct but not to the
second duct; and
move to a third position and a fourth position respec-
tively in order to provide the first fluid flow and the
fourth fluid flow to the second duct but not to the first
duct and not to the sixth duct, the first fluid flow and
the fourth fluid flow being received by the second duct
together as one fluid flow.
4. The heat recovery system of claim 1 wherein the ther-
moelectric apparatus is a thermoelectric system.
5. The heat recovery system of claim 1 wherein:
the first duct is a first chimney;
the second duct is a second chimney; and
the third duct is a third chimney.
6. The heat recovery system of claim 1 wherein the ther-
moelectric apparatus is further configured to discharge the
second fluid flow into the fourth duct through a seventh duct.
7. The heat recovery system of claim 1 wherein the ther-
moelectric apparatus is further configured to discharge the
second fluid flow into the fourth duct, the fourth duct being
parallel with the second duct.
8. A method for heat recovery, the method comprising:
receiving, by a first duct, a first fluid flow at a first tempera-
ture from a third duct connected to both the first duct and
a second duct while excluding the first fluid flow from
the second duct, the first duct being coupled to a ther-
moelectric apparatus, the second duct being configured
so as to fluidically bypass the thermoelectric apparatus;

receiving, by the second duct, the first fluid flow from the
third duct so as to directly exhaust the first fluid flow
while excluding the first fluid flow from the first duct;

receiving, by the thermoelectric apparatus, at least a second
fluid flow at a second temperature, the second fluid flow
moving into the thermoelectric apparatus from one or
more first perimeter parts of the thermoelectric appara-
tus in a first direction, the first direction being towards
the second duct, the second temperature being lower
than the first temperature;

discharging, by the thermoelectric apparatus, the second

fluid flow into a fourth duct, the fourth duct being the
second duct or being substantially parallel with the sec-
ond duct;
receiving at least a third fluid flow at the second tempera-
ture, the third fluid flow moving into the thermoelectric
apparatus from one or more second perimeter parts of
the thermoelectric apparatus in a second direction, the
second direction being towards the second duct, wherein
the second direction is opposite to the first direction; and

discharging the third fluid flow into a fifth duct, the fifth
duct being the second duct or being substantially parallel
with the second duct.

9. The method of claim 8, and further comprising: receiv-
ing by a sixth duct a fourth fluid flow at the first temperature
from the third duct if the second duct does not receive the
fourth fluid flow and receiving by the second duct the fourth
fluid flow from the third duct if the sixth duct does not receive
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the fourth fluid flow, the sixth duct being coupled to the
thermoelectric apparatus and connected to the third duct.

10. The method of claim 9 wherein:

the first duct and the second duct share a first sidewall; and

the second duct and the sixth duct share a second sidewall;

the first sidewall and the second sidewall moving to a first
position and a second position respectively in order to
provide the first fluid flow to the first duct but not to the
second duct and in order to provide the fourth fluid flow
to the sixth duct but not to the second duct; and

the first sidewall and the second sidewall moving to a third

position and a fourth position respectively in order to
provide the first fluid flow and the fourth fluid flow to the
second duct but not to the first duct and not to the sixth
duct, the first fluid flow and the fourth fluid flow being
received by the second duct together as one fluid flow.

11. The method of claim 8 wherein the thermoelectric
apparatus is a thermoelectric system.

12. The method of claim 8 wherein:

the first duct is a first chimney;

the second duct is a second chimney; and

the third duct is a third chimney.

13. The method of claim 8 wherein the thermoelectric
apparatus further discharges the second fluid flow into the
fourth duct through a seventh duct.

14. The method of claim 8 wherein the thermoelectric
apparatus further discharges the second fluid flow into the
fourth duct, the fourth duct being parallel with the second
duct.
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